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ABSTRACT 
Harnessing Cell Response to Substrate Rigidity for Tissue Engineering Applications 
Using Novel Substrates with Patterned Elasticity 
by 
Stephanie Nemir 
Cell response to substrate rigidity is an emerging field with implications in 
processes ranging from embryo logical development to the pathogenesis of disease states 
such as cancer or fibrosis, in which changes in tissue mechanical properties may inform 
cellular behavior. It may also serve as a valuable tool in tissue engineering, where 
materials must be chosen to best influence desired cell phenotype. This thesis describes 
novel substrates with patterned mechanical properties and their effects on mesenchymal 
stem cell (MSC) and macrophage behavior. Though substrate rigidity has previously 
been shown to guide MSC differentiation in two dimensions on unpatterned substrates, 
differentiation in response to substrates with patterned mechanical properties and in three 
dimensions has never been demonstrated. Unfortunately, all systems currently used to 
study these phenomena are limited in their ability to combine spatial patterning of rigidity 
with cell encapsulation and 3D culture. By altering polymer molecular weight and 
concentration and using defined mixing and photolithographic patterning techniques, I 
have developed poly(ethylene glycol) diacrylate hydrogels with tunable rigidity patterned 
in distinct patterns and gradients. These hydrogels are highly biocompatible and may be 
crosslinked and patterned under conditions that allow cellular encapsulation and 3D 
culture. Using these hydrogels, I have shown spatial control over cellular behavior 
including patterned MSC differentiation in three dimensions in response to substrate 
rigidity. The potential to drive differentiation in 3D using the mechanical properties of 
the substrate is particularly exciting, as it bypasses the difficulties of spatially restricting 
the growth factors currently used to guide progenitor cell differentiation in vitro. In the 
future, these substrates may be used to engineer tissues with complex architecture in three 
dimensions. 
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CHAPTER 1: INTRODUCTION 
Although it has long been understood that cells can sense and respond to a variety 
of stimuli, including soluble and insoluble factors, light, and externally-applied 
mechanical stresses (Ingber 2003, Lo et al. 2000), the extent to which cells can sense and 
respond to the mechanical properties of their environment has only recently begun to be 
studied. Cell response to substrate stiffness has been suggested to play an important role 
in processes ranging from developmental morphogenesis (Ingber 2003, Ingber 2006) to 
the pathogenesis of disease states (Li et al. 2007, Paszek and Weaver 2004, Paszek et al. 
2005, Wang et al. 2000), and it may have profound implications for cell and tissue culture 
and tissue engineering. Given the importance of these phenomena, there is a clear need 
for substrates for cell study in which material mechanics can be carefully defined and 
varied independently of biochemical and other signals. This thesis describes two novel 
substrates with spatially controlled rigidity for the study of cell response to substrate 
rigidity in two and three dimensions. It also describes the use of these substrates to guide 
the differentiation of human mesenchymal stem cells. 
1.1: CELL RESPONSE TO SUBSTRATE RIGIDITY 
Though early work in a number of laboratories suggested a role for substrate 
rigidity in regulating cellular behavior (see, for example, Ben-Ze'ev et al. 1988, Ingber 
and Folkman 1989, and Oster et al. 1983), the first formal study investigating this 
interaction in a synthetic system in which mechanical and biochemical effects could be 
independently modified was published in 1997 (Pelham and Wang). Prior to that study, 
researchers studying cell response to substrate stiffness largely used natural polymer gels, 
1 
such as collagen and Matrigel, in which the elastic modulus was altered by changing the 
concentration of protein within the gel. This approach had the unfortunate side effect of 
markedly changing the biochemistry experienced by cells grown in or on substrates of 
different stiffness, thus making it impossible to assess which portion of the cellular 
behavior was attributable to substrate mechanics and which to substrate biochemistry. 
Though some researchers have continued to use biological gels to study cell response to 
substrate rigidity, this chapter will discuss only studies in which substrate biochemistry 
and mechanics were independently controlled. 
Because the materials used to study cell response to substrate rigidity strongly 
affect the types of studies that may be done, I will begin this chapter with a section 
briefly describing the two polymer systems that have most commonly been used to study 
cell response to substrate rigidity, their chemical structures and fabrication processes, and 
their strengths and weaknesses. This section will also include a discussion of the 
polymer used in this thesis work, including reasons that the material was chosen. 
The remainder of this chapter will review the work done to date investigating cell 
responses to substrate rigidity. Because of the diversity in study designs, observing 
larger trends between studies can be challenging. In synthesizing these studies, I have 
chosen to organize the material into work done in substrates of uniform rigidity and that 
done in substrates with non-uniform rigidity. Substrates of uniform rigidity have been 
further divided into studies investigating cell behavior on top of substrates (2D) and those 
investigating cell behaviors within a surrounding matrix (3D). 
Section 2 will discuss the responses of various cell types cultured in two 
dimensions on substrates with uniform rigidity. This section has been further subdivided 
2 
by cell type, proceeding roughly in the order in which the cells were studied. Although it 
is a relatively new area of study, researchers investigating how cells sense and respond to 
the mechanical properties of their environment have used a wide range of cell types, 
elastic moduli, adhesive ligands, and substrate materials. For reference, I have 
summarized the range of elastic moduli used in the studies described in this section (Fig 
1-1 A) as well as the range of elastic moduli found in select human tissues (Fig 1-1B). 
Studies of cellular behavior in 2D on substrates of uniform rigidity form the bulk of 
research in the field of cell response to substrate rigidity, and cellular behavior on these 
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11, and 1-13). Gray bars indicate range of rigidities studied; arrowheads indicate specific rigidities 
used. (B) Range of rigidities found in selected human tissues. 
Although studies of cell response to substrates of uniform rigidity in 3D and 
substrates of non-uniform rigidity in 2D have represented only a small portion of the 
work done in the field to date, these studies form a valuable background for my work 
developing substrates with patterned rigidity for 2D and 3D cell culture. The third 
section of this chapter will describe previous work investigating cell responses to 
substrate rigidity in three dimensions, while the fourth will discuss responses of cells 
cultured in 2D on substrates with non-uniform, patterned rigidity. Section 5 will then 
briefly review studies of cell response to substrate rigidity in disease states. It should be 
4 
noted that large portions of this chapter were published as a review paper in the Annals of 
Biomedical Engineering (Nemir and West 2010) and are used with kind permission from 
Springer Science+Business Media. 
1.2: MATERIALS USED FOR THE STUDY OF 
CELL RESPONSE TO SUBSTRATE RIGIDITY 
1.2.1: POLYACRYLAMIPE 
In their landmark study, Pelham and Wang (1997) developed collagen-coated 
polyacrylamide gels with elastic moduli controlled by varying the concentration of 
acrylamide monomer or bisacrylamide crosslinker (Fig 1-2). The advantages of this 
model system, which allowed independent control of substrate mechanical and 
biochemical properties, led to a quick adoption of polyacrylamide gels as substrates by 
those studying cell response to substrate mechanics. 
A. 
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Figure 1-2: Chemical structures for acrylamide (A), N,N'-methylene bis-acrylamide (B), and the 
network formed from free-radical polymerization of acrylamide and bis-acrylamide (C). 
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Polyacrylamide gels have serious limitations, however, due mainly to the 
cytotoxicity of the acrylamide monomer (Xi et al. 2006), which limits the use of 
polyacrylamide gels to relatively short-term studies in two dimensions. Though a few 
groups have used a double-gel method to mimic 3D culture, sandwiching cells between 
two polyacrylamide gels, true cell encapsulation has not been possible using this gel 
system. 
1.2.2: POLY(ETHYLENE GLYCOL) DIACRYLATE AND DIMETHACRYLATE 
More recently, in an attempt to develop more cytocompatible substrates that 
might be used in longer-term studies and even potentially implanted, some investigators 
have begun using poly(ethylene glycol) (PEG)-based hydrogels to study cell response to 
substrate rigidity. These hydrogels allow the same independent control of biochemical 
and mechanical properties as polyacrylamide gels and have the added benefit of allowing 
cells to be encapsulated within the polymer network so that substrate rigidity effects in 
three dimensions can be analyzed (Peyton et al. 2006). Whether these hydrogels are able 
to offer the same range of substrate rigidity as polyacrylamide gels has yet to be 
determined, as no studies to date have used PEG-based gels with an elastic modulus 
lower than ~1 kPa, compared with <0.1 kPa achieved in polyacrylamide systems 
(Flanagan et al. 2002, Leach et al. 2007). The work described in this thesis uses PEG-
based gels with elastic moduli ranging from -1.5 to -275 kPa. Poly(ethylene glycol) is a 
hydrophilic, water soluble, biocompatible polymer (Padmavathi and Chatterji 1996, 
Ratner 2004) that has been suggested for use in a variety of biomedical applications 
(reviewed in Tessmar and Gopferich 2007 and Veronese and Mero 2008). It can be 
6 
formed via anionic polymerization of ethylene oxide or condensation polymerization of 
ethylene glycol, as shown below. 
., A - •*- HO- "L»HgL»ri2vJ -H 
B, HO H + H K O 
Jn 
Figure 1-3: (A) Anionic polymerization of ethylene oxide and (B) condensation polymerization of 
ethylene glycol into poly(ethylene glycol). 
The polymer is non-toxic at molecular weights above 400 Da, is readily cleared by the 
kidneys at molecular weights below 25 kDa, and is approved by the FDA for internal 
consumption, drug modification, and numerous implantable materials (Harris 1992). 
PEG is poorly immunogenic on its own and causes only a weak, clinically insignificant 
immune response when conjugated to proteins (Harris 1992). The polyether backbone 
cannot be degraded by mammalian enzymes (Harris 1992); enzymatic degradation of a 
crosslinked polymer can therefore be initiated only by the controlled inclusion of 
degradable sequences within the polymer backbone or at crosslinking sites (West and 
Hubbell 1998). 
The PEG molecule is neutral, highly mobile and heavily hydrated in aqueous 
solution, with a large exclusion volume (Harris 1992). These properties have been used 
to explain PEG's inherent resistance to protein adsorption: the molecule has few sites for 
protein binding, its high mobility allows little time for proteins to form positive 
attachments, and the surrounding water molecules exclude other molecules from nearing 
7 
the polymer surface (Harris 1992). The resistance to protein adsorption allows PEG-
based hydrogels to act as blank slates for cell adhesion, as they can be rendered 
selectively cell-adhesive by the addition of specific ligands but will otherwise not support 
the adsorbed protein layer that mediates cell attachment to most materials used in 
biological applications (Hern and Hubbell 1998). 
After polymerization, PEG has hydroxyl groups at both ends. These groups can 
act as sites for covalent attachment to proteins, surfaces, or other polymers (Harris 1992). 
The hydroxyl groups can also be substituted by more reactive groups or groups with 
selected activity (Harris 1992). Two such modifications are shown in Figure 1-4. 
Substituting terminal hydroxyl groups with acrylates, forming poly(ethylene glycol) 
diacrylate (PEGDA), allows the polymer to be crosslinked to form a three dimensional 
polymer network. In the second, the hydroxyl groups are replaced by two different 
reactive groups to form a heterobifunctional PEG. The acrylate group allows the PEG to 
be incorporated into a crosslinked polymer, while the N-hydroxysuccinimide (NHS, also 
known as SCM) provides a ready attachment site for bioactive molecules. 
8 
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Figure 1-4: General reaction schemes for formation of (A) PEGDA, (B) heterobifunctional acryloyl-
PEG-NHS and (C) acryloyl-PEG-peptide. 
While PEGDA may be crosslinked by a variety of methods, the use of 
photopolymerization is particularly versatile for use in tissue engineering applications 
(reviewed in Nguyen and West 2002). Photopolymerization allows for spatial and 
temporal control of polymerization as well as formation of complex shapes (Hahn et al. 
2006). During photopolymerization, photoinitiators such as 2,2-dimethoxy-2-phenyl 
acetophenone undergo cleavage to produce free radicals upon exposure to light (Nguyen 
and West 2002). These free radicals can then initiate crosslinking of the polymer at the 
acrylate groups, forming a network of polymer chains with bonds located at chain ends, 
as shown in Figure 1-5. The ideal photoinitiator should be water soluble, stable, and 
biocompatible with minimal cytotoxicity and high absorption at the desired wavelength 
of light (Nguyen and West 2002). With careful selection of an appropriate photoinitiator, 
crosslinking can occur under sufficiently mild conditions to permit encapsulation of 
living cells within the polymer matrix (Nguyen and West 2002). 
H,C—CH—C— O—(CH, — CH, — O), 
I 
H,C—CH— C— O — (CH, — CH, — O). 
H,C—CH— C— O — (CH, — CH, — O), 
I O 
H,C—CH—C—O — (CH, — CH, — O). 
> IT 
< o 
Figure 1-5 [from Padmavathi et al. 1996]: Idealized 
PEGDA network, ignoring dangling ends and loops. 
PEGDA hydrogels are highly tunable. The mechanical properties of the 
hydrogels can be controlled by varying the molecular weight or concentration of the 
polymer, with an increase in elastic modulus with increasing polymer concentration or 
decreasing polymer molecular weight (Al-Nasassrah et al. 1998, Gunn et al. 2005, 
Padmavathi and Chatterji 1996). The mesh size and swelling ratio can be similarly 
controlled (Cruise et al. 1998), and the mechanical and biochemical properties can be 
varied independent of one another (Peyton et al. 2006). 
Because PEG is intrinsically non-adhesive to cells or proteins, it is necessary to 
incorporate adhesive sequences within the polymer network in order to allow cells to 
attach and spread. Although intact ECM molecules such as collagen or fibronectin 
provide the most natural environment for cell attachment, these proteins have some 
limitations to use in tissue engineering applications. They are most commonly taken from 
animal sources, introducing a risk of viral contamination or antigenicity, there may be 
batch-to-batch variation in composition and activity, and their degradation rate may be 
unpredictable even in the absence of a specific immune response (Hersel et al. 2003, 
Rosso et al. 2005). 
In order to avoid some of the disadvantages associated with natural matrix 
molecules, researchers have identified some of the specific regions of these molecules 
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from which they derive their biological activity. These peptide sequences may be 
synthesized within a laboratory using chemical synthesis for shorter sequences or 
produced recombinantly in bacteria for longer sequences. They are typically more stable 
than full-length proteins and can be used at higher surface densities due to their smaller 
size (Hersel et al. 2003). The smaller peptide sequences may also show greater specificity 
for particular cell types than full-length proteins, which may contain multiple adhesion 
sites recognized by different cells (Hersel et al. 2003). The use of short peptide sequences 
therefore allows activity to be targeted to cell types of interest. 
One of the most common peptide sequences used in tissue engineering 
applications is the RGD motif, which can be found in fibronectin, vitronectin, fibrinogen, 
collagen, laminin, osteopontin, tenascin, bone sialoprotein, and von Willebrand factor 
(Hersel et al. 2003, Minuth et al. 2005). Almost half of known integrins, the largest group 
of cell-adhesion receptors, have been shown to bind to RGD sequences (Eble et al. 1997). 
RGD-containing peptides have been used to guide adhesion of many different cell types 
to a variety of substrates (Koenig and Grainger 2001). Several studies have found RGD 
concentration on PEG-based hydrogels to affect cell adhesion and spreading in a dose-
dependent manner (Gonzalez et al. 2004, Mann et al. 1999). RGDS has been chosen for 
use as an adhesive ligand in these studies due to its ability to bind multiple integrin 
receptors on multiple cell types, which may prove important for continued cell adhesion 
if integrin receptor expression changes during cellular differentiation. 
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1.3: CELL RESPONSE TO SUBSTRATE RIGIDITY IN TWO DIMENSIONS 
1.3.1: FIBROBLASTS 
Much of the earliest work in cell response to substrate rigidity was done using 
fibroblasts. These studies almost exclusively used polyacrylamide substrates (Fig 1-6). 
Several groups noted increased fibroblast spreading with increasing substrate rigidity 
from less than 1 to greater than 100 kPa (Collin et al. 2006, Guo et al. 2006, Jiang et al. 
2006, Lo et al. 2000, Paszek et al. 2005, Pelham and Wang 1997, Solon et al. 2007, 
Wang et al. 2000, Yeung et al. 2005). The increasing rigidity corresponded to an 
increase in actin fiber formation (Collin et al. 2006, Paszek et al. 2005, Pelham and Wang 
1997, Solon et al. 2007, Yeung et al. 2005) and organization (Ghosh et al. 2007). Stress 
fibers formed in cells on substrates of modulus of 10 kPa and higher and were 
undetectable in cells on substrates softer than 5 kPa (Yeung et al. 2005). 
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Figure 1-6: Studies of fibroblast response to substrate rigidity. Substrate type is indicated on the 
right and adhesive ligand on the left. Cray bars indicate range of rigidities studied; arrowheads 
indicate specific rigidities used in that study. Fn: fibronectin, HA: hyaluronan. 
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The increase in stress fiber formation seen on stiffer substrates may provide a clue 
to the mechanisms involved in cell response to substrate rigidity. Ghosh et al. (2007) 
noted that this increase in cytoskeletal organization corresponded to an increase in cell 
modulus of-150% between cells on substrates with elastic moduli of 0.28 and 12.7 kPa. 
Solon et al. (2007) also found an increase in cell stiffness with increased substrate 
stiffness, with cell modulus matching that of the substrate up to a modulus of 5 kPa, then 
remaining slightly below the stiffness of the adjacent substrate up to 10 kPa. Above this 
range, cells began to form stress fibers and no longer matched the rigidity of the substrate 
(Solon et al. 2007). This 10 kPa cutoff for cell-substrate modulus matching also 
promoted the greatest degree of cell spreading, with no further increase in spread area 
even on glass (Solon et al. 2007). Yeung et al. (2005) found a similar substrate modulus 
of 8.4 kPa corresponding with maximal spread area, which was within the range of the 
elastic modulus of a fibroblast spread on a rigid surface (shear modulus 3 kPa, assuming 
u = 0.4 (Engler et al. 2004). The change in spreading behavior on substrates with rigidity 
near that of the cells suggests that the change in fibroblast spreading behavior near the 
elastic modulus of the cell may occur as internally generated tractional forces exert a 
deforming effect not only on the substrate (as would be true on softer gels) but also on 
the cell itself (Yeung et al. 2005). 
Noting that cell spreading on synthetic substrates is known to relate to the amount 
of adhesive ligand present, with increased spreading on substrates that allow greater 
adhesion, Guo et al. (2006) hypothesized that the poorly-spread morphology seen in cells 
on softer substrates might also correspond to a decrease in cell adhesion to that substrate. 
Using a centrifugation assay, they showed significantly weaker cell adhesion to softer 
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substrates, with only -30% of cells remaining on a 2.68 kPa substrate compared to >80% 
on a 7.69 kPa gel. In contrast, Paszek et al. (2005), using a similar assay, found no 
difference in either number of adherent cells or shear force required to detach fibroblasts 
on ~1 and 66 kPa substrates. The differences in adhesion may relate to the adhesive 
ligands used by the two groups; Paszek et al. (2005) used fibronectin and Guo et al. 
(2006) used collagen. Both groups noted an increase in focal adhesion size and 
organization with increasing substrate stiffness (Fig 1-7), and Paszek et al. also noted 
increased recruitment of vinculin to adhesion sites on their stiffer substrates. Collin et al. 
(2006) investigated the formation of transient actin-based adhesive structures called 
podosomes and found an increase in both the frequency of podosome rosette formation 
and podosome stability with increasing substrate stiffness. Podosome spacing was found 
to decrease significantly with increasing substrate rigidity, as did the velocity of rosette 
expansion and contraction (Collin et al. 2006). These podosome rosettes occurred 
alongside focal adhesions and actin stress fibers, and the authors hypothesized that 
podosomes might act as fast-moving mechanosensors due to their rapid turnover rate, 
while focal adhesions act as more stable mechanotransmitters (Collin et al. 2006). 
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Figure 1-7 [reprinted! from GEO et a l StDOfi, wittlh perramnssfioim from El§©vi®r]; 
Fibroblasts fixed amid stoimed wnttn fflmti-paxillimi moimodoimaE antibody slhow well 
defined, elongated focal adtoesioms when plated on 7.69 kPa suabstrates (A) but only 
small, punctate staimimg omi 2.68 kPa substrates (B). Seal® bar = 2© mkroms. 
In addition to cytoskeletal assembly and cell spreading and adhesion, cell growth 
and apoptosis are also influenced by substrate rigidity (Wang et al. 2000). 3T3 
fibroblasts had ~2-fold and ~4~fold greater cell proliferation on 14 kPa gels compared to 
4.7 kPa gels after 24 and 48 hrs, respectively (Wang et al. 2000). There was also a ~2-
fold increase In apoptosis on softer gels compared to stiffer ones after 24 hrs; at the 48 far 
timepoint, cells on softer gels maintained a 30-35% apoptosis rate compared to less than 
5% on stiffer gels (Wang et al. 2000). Thus increases In cell numbers on substrates of 
higher elastic moduli could be attributed to both Increased cell proliferation and 
decreased apoptosis (Wang et al. 2000). Similar results were later found with human 
fetal lung fibroblasts as well (Mih and Tschumperlin 2008). 
In an attempt to better understand the cellular pathways governing cell response to 
substrate rigidity, researchers have used a combination of Inhibition, knockout cell lines, 
and exogenous expression for elements believed to play a role in cell=substrate rigidity 
sensing (Fig 1-8). Yeung et al. (2005) observed an increase in a5=integrin expression 
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with cell area on substrates of different rigidities, but exogenous a5-integrin expression 
did not affect cell spreading. Jiang et al. (2006) investigated the spreading behavior of a 
number of knockout fibroblast lines. Although knocking out elements of the integrin 
adhesome such as talinl and integrin (31 did not affect spreading trends on fibronectin-
coated surfaces, receptor-like protein tyrosine phosphatase-a (RPTPa) knockouts lost 
sensitivity to substrate stiffness, showing no significant difference in spread area over the 
range of substrates studied (Jiang et al. 2006). Blocking (XvP3 integrins, which form a 
complex with RPTPa in the adhesome, also prevented differential cell spreading on soft 
vs. stiff substrates (Jiang et al. 2006). This inhibition of spreading was lost when the 
adhesive ligand coating the gels was changed from fibronectin to collagen IV, however, 
indicating that RPTPa is not required for rigidity sensing mediated by collagen-IV-
binding integrins such as aiPi (Jiang et al. 2006). 
Focal Complex Focal Adhesion 
Figure 1-8 [reprinted from Paszek et al. 2005, with permission from Elsevier]: Schematic of some 
focal adhesion and cytoskeletal elements involved in transmitting force information from the 
extracellular matrix to the cell. 
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In addition to the integrin adhesome elements, two cell kinases have been studied 
for their effects on cell sensitivity to substrate rigidity. Rho-kinase has been shown to 
phosphorylate myosin and multiple myosin-related proteins, leading to increased actin 
stress fiber formation and contractility (reviewed in Pellegrin and Mellor (2007)), and has 
been implicated as playing a role in cell response to substrate rigidity (Guo et al. 2006, 
Jacot et al. 2008, Khatiwala et al. 2009, Paszek et al. 2005, Peyton et al. 2005). Focal 
adhesion kinase (FAK) may also play a role through its regulation of focal adhesion 
assembly and participation in cellular migration pathways (Khatiwala et al. 2006, Paszek 
et al. 2005, Schlaepfer et al. 2004, Wang et al. 2001). Paszek et al. found 
phosphorylation of FAKpY397 on 66 kPa but not ~1 kPa substrates, and Jiang et al. found 
that FAK knockouts had a significantly smaller spread area on stiff gels than soft. This 
decrease in spread area was attributed to hypercontraction of the cells in response to the 
stiffer substrate, as inhibition of Rho-kinase or myosin returned spreading to control 
levels (Jiang et al. 2006). 
Fibroblast responses to changes in substrate rigidity are summarized in Table 1. 
Fibroblasts are somewhat unique in that studies using this cell type have rarely 
contradicted each other. As we will see in the next section, this is not always the case. 
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Table 1: Fibroblast Responses to Increasing Substrate Rigidity 
Factor Response References 
Spread Area 
Migration Speed 
Stress Fiber Formation 





f Pelham and Wang 1997, Wang et al. 2000, 
Guo et al. 2006 Yeung et al. 2005 
I Pelham and Wang 1997, Ghosh et al. 2007 
| Pelham and Wang 1997, Ghosh et al. 
2007, Yeung et al. 2005, Solon et al. 2007 
f Pelham and Wang 1997, Guo et al. 2006, 
Yeung et al. 2005 
| Wang et al. 2000, Ghosh et al. 2007, Mih et 
al. 2008 
I Wang et al. 2000, Mih et al. 2008 
| Wang et al. 2000, Guo et al. 2006, Jiang et 
al. 2006, Ghosh et al. 2007 
t Ghosh et al. 2007, Solon et al. 2007 
1.3.2; CELLS OF THE NERVOUS SYSTEM 
Studies using cells of the nervous system have been motivated, at least in part, by 
suggestions that glial scarring following injury to the central nervous system might pose a 
mechanical barrier to neuronal growth and healing (Stichel and Muller 1998). The 
substrates used in these studies have covered a wide range of rigidities, with elastic 
moduli ranging from 10 Pa (Saha et al. 2008) to over 400 kPa (Gunn et al. 2005) (Fig 1-
9). These values were chosen to cover the in vivo range of stiffness of brain and spinal 
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Figure 1-9: Studies of neuron and neural stem cell response to substrate rigidity. Adhesive ligand is 
specified for each study. Gray bars indicate range of rigidities studied; arrowheads indicate specific 
rigidities used in that study. 
Measures of interest in neuronal culture are mainly morphological, such as neurite 
branching or axonal length. In primary neurons, Flanagan et al. (2002) noted an increase 
in neurite branching with decreasing substrate rigidity. Similarly, in PC 12 cells, a rat 
adrenal pheochromocytoma line that can be induced into a neuronal phenotype, 
decreasing substrate rigidity led to increased neurite extension, but only for gels with 
elastic moduli over 200 kPa (Gunn et al. 2005). Leach et al. (2007) found longer, more 
highly branched neurites on stiffer substrates, but no significant difference in PC 12 
neurite length, number of neurites expressed per cell, or percentage of cells expressing 
neurites as a function of substrate rigidity between cells on -0.5-51 kPa substrates, 
though all three measures were decreased on -0.02 kPa gels. Jiang et al. (2008) found 
10% more primary dendrites in spinal cord neurons grown on -30 kPa gels than those on 
softer gels, with no significant differences in primary dendrite length per neuron. Axonal 
length and expression of focal adhesion kinase decreased with increasing stiffness (Jiang 
et al. 2008). Astrocytes on stiffer gels exhibited more actin stress fibers but few other 
structural differences (Georges et al. 2006). 
19 
One of the most striking findings was a difference in neuron and astrocyte 
viability between substrates of varying rigidity. Flanagan et al. (2002) saw no glial 
growth on gels with shear moduli ranging from 50 to 550 Pa (elastic moduli 140 to 1540 
Pa, assuming u = 0.4 (Engler et al. 2004)) in marked contrast to glass, which became 
overrun with glial cells after a few weeks of culture. Similarly, Georges et al. (2006) 
found reduced astrocyte adhesion on softer gels. Neurons, by contrast, grew well on even 
the softest gel (Flanagan et al. 2002). 
In co-cultures of astrocytes and neurons, there was a marked difference in cell 
distribution between gels, with -80% of cells on the softer gels staining for neuronal 
marker p3-tubulin compared to less than 45% of cells on the stiffer gels (Georges et al. 
2006). Since neurons are post-mitotic, this difference in cell number was attributed to 
differential astrocyte behavior, either decreased proliferation on or increased detachment 
from the softer substrate. On the stiffer substrate, neurons were observed to only grow on 
top of glia, whereas they were able to grow independently on the softer gel, though they 
developed long neurites on both (Georges et al. 2006). Using cells harvested from rat 
spinal cords, Jiang et al. (2008) also observed increasing cell density with substrate 
rigidity. In contrast to other studies, however, their stiffest gels supported significantly 
more neural cells than the softest two substrates, with no significant differences in 
astroglia number between groups. This contradictory finding may have been due to any 
of the many differences in experimental conditions between this study and those of 
Georges et al. (2006) and Flanagan et al. (2002), including substrate composition, ligand 
identity, cell source, and range of stiffness studied. 
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Differentiation of neural stem cells (NSCs) has also been shown to be 
significantly influenced by substrate rigidity (Saha et al. 2008, Teixeira et al. 2009). Rat 
NSCs attached equally well on substrate ranging from 10 Pa -750 kPa, with robust 
proliferation on all but the softest substrate (Saha et al. 2008, Teixeira et al. 2009). Cell 
proliferation peaked slightly in the range of 1-4 kPa, near the stiffness of normal brain 
tissue (Saha et al. 2008). 
NSC responses differed depending on the media used in culture. In astrocyte 
media, cell number increased with increasing substrate stiffness over the range of 10 Pa 
to 10 kPa, but there was not a significant difference in percent of cells positive for glial 
fibrillar acidic protein expression (GFAP, an astrocyte marker) with substrate rigidity 
after 6 days (Saha et al. 2008). In neurogenic media, almost all cells on all substrates 
stained negative for GFAP but positive for p3-tubulin (a neuronal marker), with peak 
expression on -500 Pa substrates (Saha et al. 2008). When cells were cultured under 
conditions that allowed for differentiation down either neural or astrocytic lineage, Saha 
et al. observed a striking shift from primarily p3-tubulin+ cells on ~10 and -100 Pa 
substrates to primarily GFAP+ cells on 10 kPa substrates (Fig 1-10). Teixeira et al. 
(2009), using substrates ranging in stiffness from 750 kPa to 'close to zero,' found the 
opposite trend, with GFAP expression increasing with decreasing substrate rigidity and 
no change in p3-tubulin over the range of stiffness studied. They also noted increasing 
neurite length and synaptotagmin expression with decreasing substrate rigidity. 
Oligodendrocyte spreading was noted to increase with substrate rigidity (Teixeira et al. 
2009). 
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Figure 1-10 [reprinted from Saha et al. 2008, with permission from Elsevier]: Immunostaining of 
NSCs after six days of culture on polyacrylamide/PEG interpenetrating network (IPN) hydrogels 
under conditions that allowed for either neuronal or glial differentiation. Cells labeled for nestin 
(green), fft-tubulin (red) and GFAP (blue). 
Differences in cellular behavior seen in cells of the nervous system cultured in 2D 
on substrates of varying rigidity suggest a number of possible applications in cell culture 
and tissue engineering systems. Selective adhesion of neurons over astrocytes on very 
soft substrates and preferential proliferation of astrocytes over neurons on stiffer 
substrates could potentially be used in sorting desired cells from mixed cell populations, 
in much the way that adherent and non-adherent cell types can be separated out of bone 
marrow aspirates (see, for example, Vunjak-Novakovic et al. 2006). Differences in NSC 
differentiation with substrate stiffness demonstrate the importance of carefully selecting a 
cell culture substrate to promote the desired phenotype. Although my thesis work 
focuses on guided differentiation of mesenchymal stem cells, the substrates described in 
this work could be used for guided NSC culture as well. 
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1.3.3: CELLS OF THE CARDIOVASCULAR SYSTEM 
Neuronal cells are not the only cell type to thrive on soft substrates. Work done 
by several groups has shown that endothelial cell tubule formation is also influenced by 
substrate rigidity (Fig 1-11). The formation of organized blood vessels from endothelial 
cells is a major topic of interest in tissue engineering, because the delivery of nutrients to 
and removal of waste products from engineered tissues in the absence of a viable 
microvascular network severely limits construct size and complexity. Deroanne et al. 
(2001) observed the formation of cordlike structures on 17 kPa gels while cells on 75 kPa 
gels formed a monolayer. Califano and Reinhart-King (2008) observed networks of 
elongated cells forming on 0.2 and 1 kPa gels with high collagen density, while cells on 
2.5, 5, and 10 kPa substrates were evenly distributed and did not form structures. 
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Figure 1-11: Studies of cardiovascular cell response to substrate rigidity. Substrate type is indicated 
on the left and adhesive ligand is specified for each study. Bars indicate range of rigidities studied; 
arrowheads indicate specific rigidities used in that study. 
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Ligand density has also been shown to affect tubule development. When ligand 
density was decreased a hundredfold, Califano and Reinhart-King (2008) observed 
network formation on 10 kPa gels with some cord development on 2.5 and 5 kPa 
substrates and only rounded adherent cells on 0.2 and 1 kPa gels. Reinhart-King et al. 
(2008) found a significant difference in the type of cell-cell contacts formed on substrates 
of identical stiffness but varying ligand density, with cells on substrates with lower 
density demonstrating significantly more attractive connections than those on higher-
density gels, which may contribute to the increased structure formation seen on gels of 
lower ligand density. A similar effect of ligand density or identity may explain the cord 
formation seen by Deroanne et al. (2001) on stiffer, 17 kPa substrates. Califano and 
Reinhart-King (2008) hypothesized that network formation by endothelial cells occurs 
when the combined effects of substrate mechanics and ligand density are optimized. This 
interplay between substrate biochemistry and mechanics has been noted in many cell 
types (Boonen et al. 2009, Khatiwala et al. 2006, Peyton et al. 2006, Rowlands et al. 
2008, Semler et al. 2005) and highlights the importance of using substrate systems that 
allow independent control of the two factors. 
As work studying tubule formation has shown, endothelial cells are perfectly 
happy to grow on substrates of low rigidity. In other measures, however, the cells more 
closely followed trends seen in fibroblasts. Similar to fibroblasts, endothelial cells 
exhibited increased spreading with substrate rigidity (Califano and Reinhart-King 2008, 
Deroanne et al. 2001, Yeung et al. 2005), though the difference was not as pronounced as 
with fibroblasts (Yeung et al. 2005). Endothelial cell migration and compaction on 
substrates of varying rigidity also follow trends seen in fibroblasts, with strong cell-cell 
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interactions on soft (0.5 kPa) substrates and cell dispersion on stiffer (33 kPa) ones (Guo 
et al. 2006, Reinhart-King et al. 2008). Cells on substrates of intermediate stiffness (2.5 
and 5.5 kPa) tended to remain near neighboring cells, repeatedly forming and breaking 
cell-cell contacts, and isolated cells demonstrated significantly higher dispersion than 
cell-cell pairs (Reinhart-King et al. 2008). These differences in cell-cell and cell-
substrate interactions on substrates of different rigidity may help explain the differential 
tubule formation seen with changing substrate stiffness. 
Although they reside in close proximity to endothelial cells, smooth muscle cells 
do not share endothelial cells' preference for very soft substrates. Much like fibroblasts, 
vascular smooth muscle cells (SMCs) also exhibit an increase in proliferation (Peyton et 
al. 2006) and spread area (Engler et al. 2004, Engler et al. 2004 Peyton et al. 2006, Polte 
et al. 2004) with increasing substrate rigidity. Also as seen in fibroblasts, vascular SMC 
migration speed decreased with increasing substrate rigidity (Wong et al. 2003). The 
range of rigidities studied is shown in Figure 1-11. 
Development of cytoskeletal elements in SMCs also followed trends seen in 
fibroblasts. Peyton et al. (2006) found a clear increase in both focal adhesion area and 
elongation with increased substrate stiffness. Immunostaining revealed increased co-
localization of caldesmon and calponin with smooth muscle cc-actin on 49.0 kPa gels 
compared with stiffer ones (Peyton et al. 2006). Caldesmon expression was highest on 
49.0 kPa gels, though no staining data was reported for the softest (13.7 kPa) hydrogel 
(Peyton et al. 2006). Polte et al. (2004) noted an increase in myosin light chain 
phosphorylation with increased substrate stiffness. By transfecting smooth muscle cells 
with GFP-actin and GFP-paxillin, Engler et al. (2004) showed that a 5-10% increase in 
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cellular actin stores could cause cell spreading on gels whose elastic modulus would not 
support spreading of untransfected cells, demonstrating the intricate interactions between 
the mechanical environment and the cytoskeleton. 
Extending work studying cell response to substrate rigidity to another 
cardiovascular cell, Jacot et al. (2008) and Engler et al. (2008) investigated the 
dependence of cardiomyocyte behavior on substrate modulus. Cells developed more 
defined striations as substrate rigidity increased from 1 to 10 kPa, then lost sarcomere 
alignment and developed stress fibers as the stiffness increased further (Fig 1-12) (Engler 
et al. 2008, Jacot et al. 2008). Interestingly, this value of ~10 kPa is the same stiffness at 
which fibroblasts begin to develop stress fibers. Engler et al. (2008) observed increased 
cardiomyocyte spread area with substrate rigidity, while Jacot et al. (2008) found no 
rigidity effect on cell spreading or the ratio between long and short cell axes except on 50 
kPa gels, where cells were significantly more circular and less spindle-shaped than those 
on 10 kPa gels. This disparity not readily explainable, as both groups used a similar 
range of substrate rigidity with type I collagen as the adhesive ligand. 
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Figure 1-12: [reprinted from Jacot et al. 2008, with permission from Elsevier] Neonatal rat 
ventricular myocytes labeled with phalloidin (green) and Dil (red) reveal highly aligned actin 
fibers on 1 and 10 kPa gels (A and B, respectively) but a loss of alignment on 50 kPa gels (C). 
Cells on 10 kPa gels develop well-defined sarcomeres (D) which are not seen on 50 kPa gels (E). 
Scale bars 10 microns. 
Cardiomyocyte contraction also appeared sensitive to substrate rigidity. 20-40% 
of cells on 1 and 11 kPa substrates were observed to beat, compared to 2-8% on 34 kPa 
gels (Engler et al. 2008). Cells on all substrates began beating at a rate of about 1 Hz, but 
those on 34 kPa substrates slowed almost to zero after 48 hrs, while those on 1 and 11 
kPa gels maintained frequency over the same time period (Engler et al. 2008). Response 
to electrical stimulation and velocity of shortening decreased with increasing substrate 
rigidity (Jacot et al. 2008). Among those cells that contracted, the highest axial force 
generation was found on 10 kPa gels, with force dropping off for stiffer and softer 
substrates (Jacot et al. 2008). This difference in force generation was echoed by calcium 
27 
transient size and sarcoplasmic/endoplasmic reticular calcium ATPase expression (Jacot 
et al. 2008). The authors noted that 10-11 kPa is within the range of stiffness values for 
normal resting myocardium, which may account for the increased contractile response 
seen at this level (Engler et al. 2008, Jacot et al. 2008). 
Interestingly, expression of cardiac a-actin, vimentin and myosin heavy chain did 
not differ significantly between substrates, indicating that the difference in contractile 
response was not a direct result of shifts in contractile protein concentrations (Engler et 
al. 2008, Jacot et al. 2008). There did appear to be conformational differences between 
myosin heavy chains, filamin, vimentin, and pyruvate kinase Ml in cells grown on 1 vs. 
34 kPa substrates, which may have affected the activity of proteins independent of their 
concentrations (Engler et al. 2008). Inhibition of RhoA or RhoA kinase led to 
significantly greater traction force of inhibited cells vs. controls on 25 and 50 kPa 
substrates, indicating that the RhoA/ROCK pathway is active in regulation of contraction 
at higher substrate rigidities (Jacot et al. 2008). Cells on the stiffest gels also developed 
well defined sarcomeres instead of the actin stress fibers seen in uninhibited cells on the 
same substrate (Jacot et al. 2008). 
The cells mentioned in this section are all of major interest in tissue engineering. 
As mentioned early in this section, controlled development of a microvascular network is 
a major hurdle in engineering tissues for use in treating human disease. Endothelial cells 
will therefore be important in any tissue engineered construct that cannot survive on 
passive diffusion of nutrients and waste. Vascular smooth muscle cells and 
cardiomyocytes are of interest for applications treating cardiovascular disease, a major 
cause of morbidity and mortality worldwide. In order to achieve maximum functionality 
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in, say, a cardiac patch, cardiomyocytes must be able to contract normally and in 
coordination with surrounding host cells. By choosing a scaffold of appropriate stiffness, 
it may be possible to maximize desired cell behavior (in this case, contraction) within a 
construct. Vascular SMCs are of great interest for use in small diameter vascular grafts, 
and this is another application in which careful selection of scaffold properties could 
promote desired cellular behavior. Ideally, one would want enough cellular proliferation 
to fill out a construct but not so much that vascular tone or lumen patency is 
compromised. An ideal scaffold for this application might start out with a higher elastic 
modulus that promotes proliferation, and then soften over time through controlled 
degradation to promote a more quiescent phenotype, demonstrating the utility of temporal 
control of scaffold mechanics. 
1.3.4: CELLS OF THE MUSCULOSKELETAL SYSTEM 
Many tissues in the body require that specific cell types work together to form 
larger structures. Myoblasts, for example, must fuse into myotubes and eventually align 
to form contractile muscle fibers in order to fulfill their functional role. Such three-
dimensional tissues can be challenging to form in vitro. Studies examining these cell 
types have largely used type I collagen-coated polyacrylamide gels, though other ligands 
have been investigated as well (Fig 1-13). Similar to fibroblasts and SMCs, C2C12 
skeletal myoblast spread area and adhesion strength increased with increasing substrate 
modulus (Engler et al. 2004). Cells also elongated more on stiffer gels, though by 24 hrs 
this difference had largely disappeared (Engler et al. 2004). At 24 hrs, cells tended to 
align their major axis with those of nearby cells (Engler et al. 2004). This alignment 
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decayed over 5-10 cell widths and decayed more quickly on stiffer substrates, perhaps 
indicating that these substrates did not transmit alignment information as well over longer 
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Figure 1-13: Studies of MSC, pre-osteoblast, and myoblast responses to substrate rigidity. Substrate 
type is indicated on the right and adhesive ligand is specified for each study. Bars indicate range of 
rigidities studied; arrowheads indicate specific rigidities used in that study. 
Initial cell adhesion was similar on gels ranging from 1 to 45 kPa, though cell 
fusion into myotubes was absent on the softest, 1 kPa gels (Boontheekul et al. 2007). 
C2C12 cells on all gels exhibited increased levels of muscle creatine kinase (MCK) over 
four days of culture, though the increase was higher on 13 and 45 kPa gels compared to 1 
kPa substrates (Boontheekul et al. 2007). When collagen was patterned in 20 urn wide 
stripes, myoblasts fused into multi-nucleated myotubes on all substrates independent of 
modulus but only exhibited significant myosin striation on gels of intermediate stiffness 
(Engler et al. 2004). Striations were visible in almost 25% of cells on 11 kPa substrates 
after two weeks and in almost 50% after four weeks (Engler et al. 2004). On glass, 
myotubes develop abundant actin stress fibers and robust focal adhesions, but no myosin 
striation (Engler et al. 2004). These results suggest that there is a critical range of 
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substrate rigidity on which myotubes will form myosin striations, with little striation on 
either softer or stiffer substrates (Engler et al. 2004). 
Primary myoblast behavior had a greater dependence on substrate stiffness, as 
primary cells on 1 kPa gels failed to adhere, spread, or proliferate to the same degree as 
those grown on 12 and 45 kPa gels (Boontheekul et al. 2007). Proliferation was greatest 
on 21 kPa gels, with decreases on both softer and stiffer substrates (Boonen et al. 2009). 
Primary cells exhibited increased levels of MCK with time when cultured on 45 kPa gels 
but not on 1 and 13 kPa gels (Boontheekul et al. 2007). Myotubes were able to form on 
all substrates, but striation and spontaneous contraction were highly dependent on both 
substrate stiffness and ligand identity, with no striation or contraction on 3 kPa gels 
regardless of ligand and with highest striation on 21 kPa gels coated with poly-D-lysine 
or laminin (compared to 3 and 80 kPa gels) (Boonen et al. 2009). Gels coated with 
Matrigel or collagen IV supported no striation on the stiffnesses investigated (Boonen et 
al. 2009). Clearly cell response to substrate rigidity is highly dependent on the adhesive 
ligand used. 
Noting that the rigidity showing the greatest myotube striation is very near the 
stiffness of C2C12 myotubes themselves, Engler et al. (2004) examined myoblasts seeded 
in two layers on glass substrates patterned with collagen in stripes. They hypothesized 
that the lower layer of myotubes would provide the top layer with appropriate mechanical 
signals for myosin striation. Their results supported this theory; the top layer of 
myotubes was found to form striations over time (68% of cells at 1 week and 85% at 4 
weeks), while the lower layer remained unstriated. The percent of cells forming 
striations was significantly higher in cells grown in this setting compared to 
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polyacrylamide gels of similar stiffness, indicating that striation in the top layer cannot be 
attributed to mechanical signals alone but perhaps to some combination of mechanical 
signaling and cell-cell interactions (Engler et al. 2004). The lack of striation in the lower 
myotubes, however, seems to indicate that cell-cell interactions alone cannot override the 
inhibitory effects of the stiff substrate beneath them. Engler et al. (2004) repeated these 
experiments using a lower layer of fibroblasts; myotubes grown on top of this fibroblast 
layer did not striate even after two weeks. 
Another cell type that must organize at the tissue level to meet its functional role 
is the osteoblast. Khatiwala et al. (2006) found greatest mineralization of pre-osteoblastic 
MC3T3-E1 cells on polystyrene controls followed by -40 kPa and then 20 kPa gels. A 
second study found an opposite trend in differentiation: decreased gel stiffness was 
found to correspond to a significant increase in secretion of osteocalcin, a marker of 
osteoblast differentiation, as well as a 20-fold increase in mineralization on 20 vs. 110 
kPa gels (Kong et al. 2005). The difference in differentiation between these studies 
highlights the complexity of cell responses to substrate rigidity; changes in culture 
conditions unrelated to stiffness, such as adhesive ligand identity or media used, may 
profoundly alter trends in cellular behavior with stiffness. 
Other results obtained using pre-osteoblasts more closely matched those seen with 
other cell types. Proliferation, for example, was found to increase with substrate rigidity 
(Khatiwala et al. 2006, Kong et al. 2005). This increase in proliferation was 
accompanied by a decrease in the fraction of apoptotic cells as substrate stiffness 
increased (Kong et al. 2005). While cells did not appear to show the same strong 
influence of substrate rigidity on spread area or cytoskeletal organization as had been 
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seen in other cell types, there was a significant shift in intracellular vinculin between the 
soluble and insoluble forms with changes in substrate stiffness, indicating increased focal 
adhesion formation on stiffer substrates, especially at lower ligand density (Khatiwala et 
al. 2006, Kong et al. 2005). Depolymerization of microtubules caused an increase in 
focal adhesion-associated vinculin on soft substrates but not on the stiffest gel and 
polystyrene control (Khatiwala et al. 2006). Phosphorylation of FAK increased with 
increased substrate stiffness; this response appeared less sensitive to microtubule 
depolymerization (Khatiwala et al. 2006). 
To evaluate whether differentiation stage impacted sensitivity to substrate rigidity, 
Hsiong et al. (2008) compared Dl cells, a clonally-derived murine stem cell line, and 
MC3T3-E1 preosteoblasts on RGD-coated alginate hydrogels. Dl cells did not show any 
of the stiffness-dependent change in proliferation seen with more differentiated MC3T3-
El cells (Hsiong et al. 2008). When Dl cells were cultured in osteoblast differentiation 
media for two weeks prior to seeding, however, they exhibited a strong increase in 
proliferation with increased substrate stiffness (Hsiong et al. 2008). A similar increase in 
proliferation with substrate stiffness was found using human bone marrow stromal cells 
(Hsiong et al. 2008, Rowlands et al. 2008). MSCs also showed increased spreading with 
substrate rigidity and a maximum in attachment on 25 kPa substrates, though the stiffness 
associated with the highest attachment or spreading differed between ligands used 
(Rowlands et al. 2008). 
Studies of MSC differentiation found clear differences in protein and gene 
expression between cells cultured on substrates of different stiffnesses (Engler et al. 
2006, Rowlands et al. 2008). When cultured in basic, non-differentiating media, cells on 
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the softest (0.1-1 kPa) gels exhibited branching and filopodia formation similar to that of 
primary neurons as well as upregulation of neurogenic markers such as nestin, P3 tubulin, 
and neurofilament light chain after one week in culture, while cells on their stiffest gels 
(25-40 kPa) took on a more osteoblastic, polygonal morphology with upregulation of 
numerous osteogenic markers (Fig 1-14A) (Engler et al. 2006). Cells on gels of 
intermediate stiffness (8-17 kPa) became elongated, with a spindle-factor approaching 
that of myoblasts and upregulation of myogenic markers (Fig 1-14A) (Engler et al. 2006). 
Cells on 11 kPa substrates developed "premyofibrillar" myosin striations with the same 
spacing as age-matched C2C12 myocytes, while those on stiffer and softer substrates did 
not (Engler et al. 2006). Rowlands et al. (2008) found slightly different stiffnesses 
promoting maximum marker expression, with the highest expression of RUNX2 (an 
osteogenic marker) on 80 kPa gels and highest expression of MYOD1 (a myogenic 
marker) on 25 kPa substrates, though expression profiles were also found to depend upon 
the ligand used. Interestingly, marker expression did not appear closely linked to cell 
spread area (Rowlands et al. 2008), despite previous findings that cell spreading could 
independently influence MSC differentiation (McBeath et al. 2004). F-actin and focal 
adhesion staining followed trends previously seen in other cell types, with diffuse 
staining on the softest gels and well-developed structures on the stiffest gels and glass 
(Engler et al. 2006). Of note, maximum marker expression in hMSCs is only -50% of 
that observed in differentiated cells at optimal substrate rigidity, indicating that substrate 
rigidity alone is unable to guide full differentiation of these cells (Fig 1-14B) (Engler et 
al. 2006). 
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Figure 1-14 [adapted from Engler et al. 2006, reprinted with permission from 
Elsevier]: (A) Microarray profiles of MSCs grown on polyacrylamide gels of 
different elasticity, normalized to actin levels and expression in naive MSCs. 
Neurogenic markers are shown in left column, myogenic in center, and 
osteogenic in right. Red numbers below indicate average fold-increase in 
expression. Blebbistatin blocks this response. (B) Fluorescence analysis of 
differentiation marker expression in MSCs grown on substrates of different 
elasticity (solid lines), normalized to expression in differentiated cells (dashed 
lines). Again, blebbistatin blocks the response. 
1.3.5: CELLS OF THE IMMUNE SYSTEM 
All of the cells discussed so far reside in well-defined tissue niches. Neutrophils 
and macrophages, by contrast, must be able to migrate through and function in a variety 
of tissue environments as part of their role in the innate immune system. Yeung et al. 
(2005) found no change in cell size or shape of quiescent or fMLP-stimulated neutrophils 
on substrates of different stiffnesses. Oakes et al. (2009) and Stroka et al. (2009), by 
contrast, found a significant increase in activated neutrophil spread area with substrate 
stiffness. Oakes et al. (2009) also noted a difference in morphology between cells on 20 
and 50 kPa substrates and those on their softer gels, with stiffer surfaces promoting ridges 
at the leading edge and edge ruffling during migration. Similar to trends seen in 
fibroblasts and smooth muscle cells, neutrophils showed decreased migration speed on 
stiffer substrates (Oakes et al. 2009). Cells on stiffer substrates were less likely to turn 
during migration, however, giving a greater displacement of cells over time on stiffer 
substrates despite greater path length on softer ones (Oakes et al. 2009, Stroka et al. 
2009). The trend was consistent in both chemotactic and chemokinetic models (Oakes et 
al. 2009). Neutrophils also generated higher traction force on stiffer gels (Oakes et al. 
2009), consistent with what has been observed in other cell types. Overall, neutrophil 
responses to substrate rigidity were consistent with trends seen in other cell types. 
1.4: CELL RESPONSE TO SUBSTRATE RIGIDITY IN THREE DIMENSIONS 
Cukierman et al. (2001) are widely credited with highlighting the differences in 
cellular behavior, particularly in cell-matrix adhesions, when cells are grown on 2D vs. 
3D scaffolds. This work, among others, prompted researchers studying cell response to 
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substrate rigidity to look for ways to study rigidity effects in 3D. The cytotoxic nature of 
the acrylamide monomer forced those wishing to study response to substrate rigidity with 
encapsulated cells to find alternative substrates. The study of encapsulated cells comes 
with its own inherent difficulties, among these the challenge of separating stiffness 
effects from effects of altered transport that often accompany changes in substrate 
rigidity. The studies described in this section have largely ignored mesh size or transport 
properties when analyzing cell response to substrate rigidity in 3D, but these effects are 
likely not inconsequential and will need to be controlled in order for future 3D studies to 
be truly insightful. 
Balgude et al. (2001) used agarose gels of varying stiffness to examine dorsal root 
ganglion (DRG) neurite extension. The rate of neurite extension decreased with 
increased gel elastic modulus. Yu et al. (2001) looked at DRG neurite extension across 
mechanical barriers in 3D using agarose gels. Cells were seeded in a gel with a shear 
modulus of 12.8 Pa (E= 38.3 Pa, assuming u = 0.495 (Chen et al. 2005)), and analyzed 
for neurite extension into an adjacent gel layer of equal or higher modulus (Yu et al. 
2001). There was no significant difference in the percentage of neurites crossing into 
gels with elastic modulus up to -210 Pa, but the percentage of neurites crossing into 
stiffer gels decreased significantly (Yu et al. 2001). As this experiment was not repeated 
with cells initially residing in a layer of different elastic modulus, it is unclear whether 
the difference in neurite crossing was primarily driven by the magnitude of the modulus 
mismatch or by the absolute modulus of the ingrowth layer. Balgude et al. (2001) 
postulated that the change in neurite growth rate could be explained by the resistive force 
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applied by the matrix to neurite extension - that stiffer gels resisted neurite ingrowth to a 
greater degree than softer gels. 
Boontheekul et al. (2007) encapsulated myoblasts within alginate gels of tunable 
rigidity and degradation. Although the changing modulus associated with degradation 
complicated the analysis, they did note decreased proliferation in their stiffest, most 
slowly degrading gel compared to softer ones. This trend in proliferation was opposite 
that seen when myoblasts were cultured on top of alginate gels, highlighting the 
differences between cells cultured in two and three dimensions (Boontheekul et al. 2007). 
Bryant et al. (2002 2004 2004) and Park et al. (2004) investigated chondrocyte 
response to substrate rigidity in 3D PEG-based gels. Like myoblasts (Boontheekul et al. 
2007), chondrocytes demonstrated decreased cell proliferation with increasing rigidity in 
3D (Bryant et al. 2004, Park et al. 2004). Stiffer constructs also had significantly less 
glycosaminoglycan (GAG) synthesis after 72 hrs (Bryant et al. 2004), though the 
difference was not seen in a similar study at 2 and 4 week timepoints (Bryant and Anseth 
2002). Collagen production was highest in the softest gels after two and four weeks 
(Bryant and Anseth 2002, Park et al. 2004). Aggrecan and matrix metalloproteinase 13 
expression were also higher in softer gels after four weeks (Park et al. 2004). After six 
weeks of culture in degradable gels of varying stiffness, GAG and collagen content was 
highest in gels of intermediate stiffness (Bryant et al. 2004). Again, analysis of this data 
is complicated by the change in modulus over time as the substrates degrade. 
Peyton et al. (2008) used PEG-based gels to study SMCs in 3D. They found 
increased F-actin assembly with increasing substrate rigidity, as had previously been 
shown in 2D. Proliferation, however, appeared to be independent of substrate stiffness in 
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this model (Peyton et al. 2008). When cells were transduced to produce RhoA 
constitutively, vinculin expression levels began to increase with increasing substrate 
stiffness (Peyton et al. 2008). Expression of a-actin and calponin (smooth muscle 
markers) increased with substrate rigidity only in transduced cells (Peyton et al. 2008). 
Transduction of cells also decreased spreading and proliferation, especially on the stiffest 
gels studied (Peyton et al. 2008). 
Some groups have studied cells sandwiched between gels to mimic 3D culture 
(Beningo et al. 2004, Paszek et al. 2005). Paszek et al. (2005) studied mammary 
epithelial cells placed between basement membrane-crosslinked polyacrylamide gels of 
controlled elasticity and a layer of basement membrane (BM). While this system only 
controlled rigidity on one side of the cells, it can be assumed that differences in nutrient 
and waste diffusion through the upper BM layer were minimal between samples. The 
authors noted development of well-differentiated, growth-arrested acini on the most 
compliant (0.150 kPa) gels, with loss of tissue polarity and lumen formation and 
increased cell colony size as rigidity increased to 5 kPa. Stress fibers began to form only 
on their stiffest, 5 kPa substrates, which they noted as similar in stiffness to breast tumors 
(Paszek et al. 2005). 
1.5: CELL RESPONSE TO SUBSTRATES WITH PATTERNED RIGIDITY 
The vast majority of work investigating cell response to substrate rigidity has 
been performed using uniformly compliant substrates. There are, however, limits to what 
this type of study can reveal. All of the studies reviewed so far have used substrates of 
several discrete moduli, chosen over the range of moduli of interest. However, it is 
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entirely possible that the moduli chosen for study do not represent the full range of 
cellular behavior over that stiffness range. To address this issue, some researchers have 
investigated cell behavior on substrates with gradient rigidity. These substrates also form 
a model system for the study of durotaxis (cell migration in response to changes in 
substrate rigidity). Much as cells show differential behavior in response to chemotactic 
signals versus chemokinetic ones, surfaces that promote durotaxis may reveal behavior 
that could not be captured on uniform-modulus surfaces. 
Lo et al. (2000) created polyacrylamide gels with "soft" and "stiff regions with 
elastic moduli of 14 kPa and 30 kPa respectively and a 50-100 um wide transition region. 
The gels were made by merging drops of two polymer solutions of varying crosslinker 
density. While it is difficult to judge whether this technique created a step or more 
gradual gradient, since microscale elastic moduli within the transition region were not 
well characterized, the authors were able to observe differential 3T3 fibroblast behavior 
as the cells approached the transition region from either side. Cells crossing the 
transition region from the softer side of the gel exhibited a transient increase in migration 
rate (0.44 to 0.54 um min"1), whereas cells approaching the transition region from the 
stiffer side of the gel were observed to turn away from the rigidity boundary and reorient 
themselves to avoid crossing onto the softer substrate (Lo et al. 2000) (Fig 1-15). 
Migration rates at locations distant to the transition regions followed the same trend noted 
by Pelham and Wang (1997), with an average rate of 0.44 jam min"1 on the softer 
substrate and 0.26 um min"1 on the stiffer side (Lo et al. 2000). 
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Figure 1-15: [reprinted from Lo et al. 2000, with permission from Elesvier] Fibroblasts 
approaching transition region from soft side of gel cross the transition freely (a) while those 
approaching from the stiff side change direction to avoid crossing onto the softer substrate (b). 
Transition in rigidity is visualized using fluorescent beads. Scale bars 40 microns. 
Differential cell behavior near the transition region was observed only when cells 
were seeded at very low density with no other cells nearby (Lo et al. 2000). At higher 
cell densities, cells were observed moving freely across the transition region (Lo et al. 
2000). The authors postulated that cell-cell and cell-substrate interactions at high cell 
densities provided sufficient mechanical stimulation to override signals given by 
substrate stiffness. This theory was supported by their demonstration that 
micromanipulation of the substrate could be used to guide cell migration by altering local 
tension. Cells were shown to migrate toward areas of high tension (such as those created 
by pulling on the substrate with a microneedle) and away from areas of low tension (such 
as those created by pushing the substrate toward the cell), even when this required a 
change in the direction of migration (Lo et al. 2000). 
Wong et al. (2003) and Zaari et al. (2004) studied the response of vascular SMCs 
to substrate rigidity using gradient compliant polyacrylamide gels. In Wong's work, the 
gradients were formed by modulating the intensity of the UV light used in 
photopolymerization using photomasks with gradient transparency. Zaari et al. used a 
microfiuidic gradient maker to form gradient gels with elastic moduli ranging from ~3 to 
40 kPa. Cell morphology varied with compliance; cells assumed a well-spread 
morphology on the stiffer end of the substrate but remained rounded on softer regions, 
and F-actin appeared well-organized only in stiffer regions (Zaari et al. 2004). BALB/c 
3T3 fibroblasts yielded similar results (Zaari et al. 2004). Interestingly, the authors noted 
a "threshold" value for vascular SMC spreading located at a modulus of about 30 kPa; 
below this value cells exhibited limited spreading (Zaari et al. 2004). Of note, this 
threshold was not seen by groups using substrates of uniform rigidity within this modulus 
range. Cells consistently moved toward stiffer regions of the gels, in contrast to the 
random cell movement observed on uniformly-compliant gels (Wong et al. 2003). Cell 
location 18 hrs after seeding revealed increased density at the stiffer end of the gel (Wong 
et al. 2003); however, it is not clear whether this is primarily due to a difference in initial 
cell adhesion between the regions, differential proliferation, or a net migration of cells 
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from softer areas to stiffer ones. Based on results seen in other studies, it is reasonable to 
believe that a combination of these effects might occur. 
Other groups have used substrates with micropatterned rigidity to examine effects 
of anisotropy and spatial differences in substrate modulus. Gray et al. (2003) created 
both acrylamide and poly(dimethylsiloxane) (PDMS) substrates with micron-scale stiff 
and flexible regions using modified soft lithographic techniques. Fibroblasts on patterned 
acrylamide substrates attached equivalently to both 1.8 kPa and 34 kPa areas 3 hrs after 
seeding but had greater spreading on stiffer regions. After 24 hrs, cells were found to be 
preferentially located on or near stiffer regions; this difference was enhanced after 48 hrs. 
On patterned PDMS substrates, cells were found to attach and spread on both 12 
kPa and 2.5 MPa regions of the surface, though there were slightly more cells located on 
stiff regions than soft 3 hrs after seeding (Gray et al. 2003). Again, cell density on stiff 
vs. soft regions was increased after 24 hrs, and more so after 48 hrs. Interestingly, cell 
attachment on patterned PDMS substrates was decreased in softer areas close to stiff 
regions when compared to more distant soft areas, perhaps indicating that the ability of 
cells to detect an adjacent stiffer region was attenuated with distance. The higher cell 
density noted adjacent to stiff regions of acrylamide gels when compared with distant soft 
regions was hypothesized to arise in response to a gradient of elastic moduli caused by 
diffusion of crosslinker out of stiff regions during fabrication. 
Inhibition of cell division with mitomycin C prior to seeding slowed or delayed 
cell accumulation, but accumulation of cells on stiff areas was clear after 5 days (Gray et 
al. 2003). The delay in cell accumulation on these substrates was hypothesized to be due 
to mitomycin C-induced toxicity. Thus, while both differences in proliferation and 
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migration might contribute to the differential cell accumulation observed, it seems likely 
that migration played the larger role. Of note, some PDMS samples failed to produce a 
difference in cell accumulation between regions; these samples were considered to be 
manufacturing failures and were excluded from further analysis. 
Fibronectin concentration on stiff and compliant areas, while relatively even prior 
to cell culture, began to show evidence of cellular remodeling after 48 hrs in culture 
(Gray et al. 2003). Specifically, staining on softer regions appeared increased near cells 
and decreased elsewhere, whereas staining on stiffer regions was increased only at the 
location of the cells. The authors suggested that the ECM changes could have been either 
a cause or result of cellular migration. Differences in cell traction forces between 
different regions of the substrate might have differentially remodeled ECM, causing 
effective ECM concentration differences between soft and stiff regions which may have 
in turn affected cell migration (Gray et al. 2003). Alternatively, differences in motility 
between soft and stiff areas might have affected the degree of remodeling seen (Gray et 
al. 2003). There may also have been minor differences in surface chemistry between stiff 
and soft regions, which might have affected fibronectin conformation or protein 
adsorption onto the surfaces (Gray et al. 2003). 
Saez et al. (2007) created anisotropic surfaces for cell culture using arrays of 
micropillars with oval cross-sections such that the pillars' stiffness in bending was greater 
in the direction of the long axis of the oval surface than that of the short axis. The 
surfaces were then seeded with Madin-Darby canine kidney (MDCK) epithelial cells, and 
resulting cell islands were analyzed for alignment with pillar axes. 45% of the cell 
islands were found to align within 15° of the pillar major axes; this alignment did not 
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change with island size (Fig 1-16). Preferential alignment along that axis was also 
observed in individual cells within the islands. Of note, there was no preferential 
direction of mitosis in cells on the micropatterned substrates, indicating that island 
alignment could not be attributed to differential cell mitosis along that axis (Saez et al. 
2007). Control surfaces exhibited no preferential island alignment. Alignment of actin 
stress fibers and focal adhesions in cells on the micropatterned substrates was also 
observed along the axis of highest rigidity, with no preferential alignment on control 
surfaces. 
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Figure 1=16: [adapted! fFromni Saez et a l 2©©7, copyright 2OT7 National Academy off Sciences] Epithelial 
cell growth on micropilared substrates with anisotropic rigidity. (A) Scanning electron micrograph 
of am array off oval PUSMS pilars,, (IB) MDOC cell islands growmi omi these suntostrates amid visuiialfesd 
toy optical microscopy. (Image diimeBiisions" 877 x §12 pirn.) (C) Angiulair distribution off cell assemblies 
will respect to ft® stiffffest direction (0 = ®°, direction off long axis off oval mmicropiDlars). Tine dashed 
rectangle indicates that 4S% off tine islands are elongated in a 31D0-wide sector centered on 0 = ©°. 
(Inset) Profile plot off tine stiffness k(0) ffoir this experiment. 
The study was repeated using pillars of different heights to determine whether the 
differential stiffness between the axes or the absolute stiffness of the substrate was more 
important in impacting cellular behavior (Saez et al. 2007). No significant differences in 
behavior were seen between the substrates, suggesting that differential stiffness between 
the axes is the predominant factor impacting cell alignment (Saez et al. 2007). Using 
pillar deflection to measure traction forces within cell islands, the researchers found 
significantly higher forces in the direction of greater stiffness than in the perpendicular 
direction (Saez et al. 2007), which is consistent with results of force mapping on non-
patterned substrates (Ghosh et al. 2007, Guo et al. 2006, Jiang et al. 2006, Wang et al. 
2000). Traction forces were also greater in cells on the edges of cell islands than those 
within the islands, which corresponded with a greater degree of elongation of edge cells 
(Saez et al. 2007). 
1.6: ROLE OF SUBSTRATE STIFFNESS IN DISEASE STATES 
1.6.1: CANCER 
The changes in proliferation and apoptosis seen with changes in substrate rigidity 
may have profound implications in cancer research. Cancer is primarily a disease of 
abnormally high cell proliferation, and the changes in tissue mechanics that often 
accompany malignant transformation may provide an additional growth signal to 
transformed cells. Alternatively, cell response to substrate rigidity may have implications 
for oncogenesis in the absence of mechanical changes. Transformed cells may lose 
sensitivity to substrate mechanics, demonstrating increased proliferation and decreased 
apoptosis on substrates that would not normally permit such changes. Altered response 
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to substrate mechanics may also affect metastatic potential, since cells with an abnormal 
rigidity response could be more likely to venture out of their tissue niche. 
Wang et al. (2000) were first to apply cell response to substrate rigidity to the 
study of the pathogenesis of disease. Comparing normal and H-ras-transformed 3T3 
fibroblasts, they were able to show a reduced sensitivity to substrate rigidity in 
transformed cells. Transformed cells on 4.7 kPa gels but not 14 kPa gels had a ~2-fold 
higher growth rate after 48 hrs than non-transformed cells. Transformed cells also 
exhibited a loss of rigidity-dependence in apoptosis, maintaining a 15-20% apoptotic rate 
on both 14 kPa and 4.7 kPa gels. The differences in proliferation and apoptosis rates in 
response to substrate rigidity between normal and transformed cells suggest a possible 
role for substrate rigidity in maintaining appropriate cellular growth in vivo. 
In addition to changes in proliferation and apoptosis, transformed cells did not 
show any difference in spread area with increased substrate stiffness above 10 kPa, 
though a significant difference had been observed in non-transformed cells in this range 
(Wang et al. 2000). This finding was echoed by researchers comparing normal 
fibroblasts with Sal/N fibrosarcoma cells, who found no change in spread area between 
Sal/N cells on 500 and 2000 kPa substrates despite significant differences in normal 
fibroblasts (Tzvetkova-Chevolleau et al. 2008). Percent of Sal/N cells reaching a 
polarized morphology (defined as a ratio of short to long cell axes < 0.75) increased with 
substrate rigidity to -55% of cells on the stiffest 2000 kPa substrates but stopped well 
short of the 80-90% polarization seen with 3T3 cells (Tzvetkova-Chevolleau et al. 2008). 
Time to morphological steady state increased for 3T3 cells as substrate rigidity increased; 
Sal/N cells were unaffected (Tzvetkova-Chevolleau et al. 2008). Transformed cells also 
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failed to show an increase in traction forces (Wang et al. 2000) or decreased persistence 
of motion during migration (Tzvetkova-Chevolleau et al. 2008) with increasing stiffness, 
unlike normal cells (Ghosh et al. 2007, Lo et al. 2000, Tzvetkova-Chevolleau et al. 2008, 
Wang et al. 2000). In general, the transformed cells appeared to be relatively insensitive 
to substrate rigidity when compared with untransformed fibroblasts (Wang et al. 2000). 
Paszek et al. (2005) and Kostic et al. (2009) found similar changes in rigidity 
response in transformed mammary epithelial cells. Normal mammary epithelial cells 
showed increased spreading (Paszek et al. 2005, Kostic et al. 2009), proliferation (Kostic 
et al. 2009), FAKpY397 phosphorylation (Paszek et al. 2005) and recruitment of vinculin to 
adhesion sites (Paszek et al. 2005) with increased substrate rigidity. When compared to 
their untransformed counterparts, transformed cells had greater spreading and generated 
more force on soft substrates (Paszek et al. 2005). Both responses could be decreased 
with Rho or myosin inhibition (Paszek et al. 2005). Using single cell populations (SCPs) 
of transformed cells that preferentially metastasized in vivo to different organs, Kostic et 
al. (2009) investigated whether altered rigidity response correlated with each line's 
preferred metastatic site. Nonmetastatic SCPs and SCPs metastasizing to the lungs 
proliferated preferentially on soft (0.6 kPa) matrices, as did SCPs with targeting to both 
lungs and bone (Kostic et al. 2009). SCPs that preferentially metastasized to bone had 
higher proliferation on stiffer (3 kPa) substrates (Kostic et al. 2009). These results 
suggest that altered sensitivity to substrate rigidity may be an important step in both 
oncogenesis and metastatic potential for some cell types. 
49 
1.6.2: HEPATIC FIBROSIS 
Motivated by the profound changes in tissue mechanics that accompany liver 
disease, several groups have investigated the response of hepatic stellate cells (HSC) and 
portal fibroblasts (PF) to substrate stiffness. Semler et al. (2005) used an array-based 
format of fibronectin-coated polyacrylamide gels of varying compliance and ligand-
density to investigate rat hepatocyte morphogenesis, albumin secretion, and expression of 
phenotypic markers. Both substrate rigidity and fibronectin density affected cell 
spreading and aggregation (Semler et al. 2005). After 16 hrs of culture, hepatocytes 
showed increased spreading with increased substrate rigidity and increased fibronectin 
density (Semler et al. 2005). By the third day of culture, differences in cellular 
aggregation appeared, with formation of 3D spheroids on 5.4 kPa substrates and 2D 
interconnected structures on 25.8 kPa gels (Semler et al. 2005). Aggregates on 15.8 kPa 
gels were 3D in nature only on the lowest fibronectin density, appearing similar to those 
on 25.8 kPa gels for higher ligand densities (Semler et al. 2005). Increasing fibronectin 
density appeared to support higher cell numbers, as evidenced by increased average 
aggregate size on 5.4 kPa gels and increased cell density on stiffer gels (Semler et al. 
2005). 
Cells were further characterized by RT-PCR for cyclin Dl, indicative of cell 
growth, cyotochrome p450 to analyze cell metabolism, and albumin to measure liver-
specific function (Semler et al. 2005). After three days in culture, cyclin Dl expression 
increased with increasing substrate rigidity and increasing fibronectin density, consistent 
with morphogenic findings as well as trends witnessed in other cell types. Interestingly, 
both albumin and p450 expression decreased as cyclin Dl increased, indicating a tradeoff 
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between cell growth and differentiation. Changes in albumin gene expression were 
mirrored by albumin secretion, as measured by ELISA (Semler et al. 2005). 
Based on findings that PF activation into myofibroblasts precedes that of HSCs in 
models of bile duct ligation, Li et al. (2007) investigated PF response to substrate rigidity 
as well as transforming growth factor beta (TGF-pi) and platelet-derived growth factor 
(PDGF) and their inhibitors. Substrate stiffness was chosen to mimic the rigidity of 
normal and cirrhotic liver (Li et al. 2007). After 10 days in culture, both PFs and HSCs 
cultured on ~1 kPa gels maintained the appearance of freshly isolated cells, while those 
on ~34 kPa gels appeared myofibroblasts and those on gels of intermediate stiffness 
appeared to have an intermediate morphology (Li et al. 2007). Cell area increased with 
substrate stiffness for both cell types (Li et al. 2007). PFs were shown to have increased 
a-smooth muscle actin expression and stress fiber formation with increased stiffness, 
consistent with what has been seen in other cell types. PCR analysis of collagen types I 
and III mRNA revealed increasing trends with substrate stiffness, though changes only 
reached significance between cells on the stiffest and softest substrates (Li et al. 2007). 
Collagen IV mRNA levels decreased with increasing substrate stiffness, with levels on 
~8 and -34 kPa substrates significantly lower than those measured on ~1 kPa gels (Li et 
al. 2007). 
Upon exposure to TGF-(31, PFs on all substrates demonstrated a further increase 
in a-smooth muscle actin expression, while those on substrates of high or intermediate 
stiffness also showed increased stress fiber organization and cell spreading (Li et al. 
2007). Treatment of cells on the softest and stiffest substrates with TGF-pi further 
accentuated the changes in collagen I and III mRNA expression seen in untreated cells 
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(Li et al. 2007). Treatment with TGF-pi receptor kinase inhibitor prevented PF-to-
myofibroblast differentiation on all substrates (Li et al. 2007). 
1.7: CONCLUSIONS 
In reviewing the range of responses to substrate rigidity within and between cell 
types, certain trends become apparent. Most cell types studied to date exhibit increased 
spreading as substrate rigidity increases (observed in oligodendrocytes, myoblasts, 
MSCs, neutrophils, endothelial cells, vascular smooth muscle cells, and fibroblasts). For 
several cell types, increased substrate rigidity also leads to increased stress fiber 
organization (astrocytes, ventricular myocytes, and fibroblasts) and focal adhesion 
formation (MSCs, vascular smooth muscle cells, osteoblasts, and fibroblasts). Increased 
adhesion strength was observed in astrocytes (Georges et al. 2006), myoblasts (Engler et 
al. 2004), and fibroblasts (Guo et al. 2006). Increased proliferation with rise in substrate 
rigidity is common across many cell types (neurons, osteoblasts, vascular smooth muscle 
cells, fibroblasts, MSCs, and NSCs in astrocytic media), and decreased apoptosis has also 
been noted in osteoblasts (Kong et al. 2005) and fibroblasts (Wang et al. 2000). 
Perhaps more interestingly, some cell types have exhibited a peak for a particular 
measure at an intermediate stiffness, rather than increasing or decreasing uniformly over 
the range of stiffnesses studied. As discussed earlier, some groups have found a 
maximum in both fibroblast spreading and cell-substrate modulus matching on rigidities 
near 10 kPa, above which cells began to produce stress fibers (Solon et al. 2007, Yeung 
et al. 2005). The -10 kPa modulus appears to be important for other cell types as well. 
Ventricular myocytes and C2C12 myoblasts both demonstrated maximum striation 
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around 10 kPa, which was noted in both cases to be near the stiffness of native cells or 
tissue (Engler et al. 2008, Jacot et al. 2008). Ventricular myocytes also showed highest 
axial force generation, calcium transients, and sarcoplasmic/endoplasmic reticular 
calcium ATPase expression on 10 kPa substrates (Jacot et al. 2008). Myoblast 
proliferation (Boonen et al. 2009) and striation (Boonen et al. 2009, Engler et al. 2004) 
were highest on substrates of intermediate stiffness, and MSCs showed peak expression 
of myogenic markers on substrates in this range as well (Engler et al. 2006, Rowlands et 
al. 2008). 
The discovery that cellular behavior and differentiation can be tuned by the 
stiffness of the underlying substrate, with peak cell expression of markers of 
differentiation on fairly narrow stiffness ranges, has been a major inspiration for this 
thesis work. Using RAW 264.7 murine macrophages, and human MSCs, I show that 
cellular behavior, including attachment, proliferation, and differentiation, may be 
patterned in two and three dimensions using PEGDA hydrogels with tunable, patterned 
rigidity. 
Cell responses to substrate rigidity are also dependent upon the identity (Boonen 
et al. 2009, Peyton et al. 2006, Rowlands et al. 2008) and concentration (Khatiwala et al. 
2006, Semler et al. 2005) of the adhesive ligand used. Boonen et al., (2009) using 
Matrigel, ECL gel, collagen IV, poly-D-lysine, and laminin, found changes in myotube 
formation, striation, and contraction between different ligands. Rowlands et al. (2008) 
observed subtle differences in the substrate stiffnesses that maximized MSC attachment, 
spreading, morphology, and expression of markers of differentiation between cells on 
gels coated with fibronectin, laminin 1, collagen I or collagen IV. Peyton et al. (2006) 
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noted a significant increase in smooth muscle cell focal adhesion size on their stiffest 
substrate when coated with fibronectin but not collagen. Clearly the choice of adhesive 
ligand used in a given study may affect the outcomes seen, and this may go a long way in 
explaining differences in findings between groups using different ligands. In order to 
avoid the confounding effects of adhesive ligand identity on cellular response to substrate 
rigidity, all experiments performed in this thesis work used the ubiquitous cell adhesive 
ligand arginine-glycine-aspartic acid-serine (RGDS). 
The concentration of ligand used can also affect the specific results seen. 
Khatiwala et al. (2006) observed monotonically increasing pre-osteoblast migration speed 
with increasing rigidity on low collagen densities, while at higher collagen densities 
migration reached a maximum on 21.5 kPa substrates, then decreased as rigidity 
increased further. Higher collagen densities also corresponded to increased cytoskeletal 
organization and focal adhesion formation, especially on softer substrates (Khatiwala et 
al. 2006). Semler et al. (2005) saw an increase in cell area and proliferation and a 
decrease in albumin secretion and cytochrome p450 expression with increases in either 
ligand density or substrate stiffness. These shifts in cellular behavior with ligand density 
highlight the importance of carefully controlling substrate biochemistry, especially when 
comparing between distinct surfaces. They also highlight the difficulty in comparing 
results amongst groups using different concentrations of ligands. Several studies have 
found RGD concentration to affect cell adhesion and spreading in a dose-dependent 
manner (see, for example, Gonzalez et al. 2004, Mann et al. 1999). Because of this, 
several different concentrations of RGDS were utilized within the experiments presented 
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in this thesis work, with every effort made to maintain identical RGDS concentrations 
within comparable groups. 
While knowledge of cells' ability to sense and respond to the mechanical 
properties of their substrates is important to our understanding of basic cellular biology, 
the potential diagnostic and therapeutic value of that knowledge lends the subject 
particular importance. Improved understanding of how cells respond to changes in 
substrate stiffness may affect the study or treatment of diseases such as cancer or liver 
fibrosis, in which tissue mechanics are altered. It is possible that measurements of tissue 
elasticity may aid in diagnosis or inform prognosis. Further studies of cell responses to 
substrate rigidity in health and disease may even reveal potential targets for therapeutics. 
While the use of PEGDA hydrogels with patterned rigidity for the study or treatment of 
disease was not investigated in this work, these hydrogels are likely to prove valuable in 
these areas as well. 
One of the major challenges in the study of cell response to substrate rigidity is 
the lack of suitable substrates for studies in 3D. While PEG-based hydrogels overcome 
many of the limitations imposed by other substrate systems, such as the confounding 
effects of ligand density in biological gels or the cytotoxicity of acrylamide, uncoupling 
effects of substrate rigidity and nutrient diffusion remains a challenge. In the 3D studies 
presented in this work, differences in protein expression were examined both as a 
function of stiffness and of distance from the hydrogel surface, in an attempt to determine 
what portion of the differences seen were potentially attributable to nutrient availability. 
It is true, however, that a material that would allow investigation of cell response to 
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substrate mechanics independently of both biochemical and transport properties would 
prove a major step forward in the field. 
In the field of tissue engineering, substrate elasticity could be utilized to promote 
desired cellular behavior. The elasticity could be even temporally controlled, starting out 
at a modulus likely to promote cell proliferation and then softening (perhaps in response 
to cellular enzymes) to promote a more quiescent phenotype. While degradable 
hydrogels were not investigated within this thesis work, the ability of matrix stiffness to 
direct stem cell differentiation is also very exciting, as it provides an additional variable 
that may be used to engineer three dimensional tissue constructs. Few tissues in the body 
are composed of a single cell type, and the controlled patterning and incorporation of 
multiple cell types into a single construct is a major challenge in the engineering of 
complex tissues. Utilizing patterned substrate stiffness along with traditional tissue 
engineering techniques, it may be possible to engineer functional replacements for 
diseased or injured tissues. 
It is clear that we have only begun to understand how cells sense and respond to 
substrate mechanical properties. While some cell types have been well-studied over a 
wide range of rigidities, the field has almost limitless potential for growth. As this 
research progresses, it is likely to profoundly affect the way cell-based research is 
conducted. 
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CHAPTER 2: DEVELOPMENT OF PEGDA HYDROGELS 
WITH DISTINCT PATTERNS OF ELASTICITY 
2.1: INTRODUCTION 
In their natural environment, most cells are surrounded by a "scaffold" composed 
of extracellular matrix molecules such as proteins and glycosaminoglycans. This scaffold 
provides sites for adhesion, mechanical and biochemical signals, and structural support. 
Many tissue-engineered constructs include a scaffolding or matrix material to fill some or 
all of these roles. 
Studies of cell responses to substrates with patterned or gradient rigidity have 
exclusively used polyacrylamide (Gray et al. 2003, Lo et al. 2000, Wong et al. 2003, 
Zaari et al. 2004) or PDMS (Gray et al. 2003, Saez et al. 2007) substrates. Both of these 
materials have serious limitations preventing their use for 3D encapsulation of cells. The 
acrylamide monomer is highly toxic (Xi et al. 2006), limiting the use of polyacrylamide 
gels to relatively short-term studies in two dimensions, while the processing parameters 
for PDMS substrates with patterned rigidity are incompatible with cellular encapsulation 
(Gray et al. 2003). There is therefore a need for a scaffold system with patterned rigidity 
with which one can investigate cell response to substrate stiffness in both two and three 
dimensions, as well as one which may be implanted for use in tissue engineering 
constructs. This chapter describes the synthesis of PEGDA hydrogels with distinct 
patterns of elasticity. The hydrogels described in this chapter may be used to study cell 
response to substrate rigidity in both two and three dimensions, as will be described in 
Chapter 3, and can also be used as a scaffold in tissue engineering applications. 
The spatial control over hydrogel mechanical properties described in this chapter 
is produced using photolithography. Photolithography is a technique whereby a 
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photoactive substance, generally a polymer, is altered upon exposure to a specific 
wavelength of light (reviewed in Nguyen and West 2002). This is most commonly 
achieved through the action of a photoinitiator, which produces free radicals upon light 
exposure and thereby chemically modifies the polymer (Nguyen and West 2002). In 
order to spatially control the chemical modification, light exposure may be limited to 
specific regions where modification is desired. Most commonly, this spatial control over 
light exposure is achieved using a photomask. Light is blocked by opaque sections of the 
photomask but can freely pass through transparent sections, limiting polymer 
modification to areas defined by the pattern (Fig 2-1). The simplest photomasks can be 
printed on a transparency using a standard laser-jet printer, with the resolution of the 
resulting pattern limited by the resolution of the printer (Hahn et al. 2006). If smaller 
feature sizes are desired, photolithography can be performed using a chrome mask 





t t t t 
Patterned Areas 
Figure 2-1: Traditional photolithography uses a photomask with 
controlled transparency/opacity to spatially restrict light exposure to 
desired areas. This type of photolithography can give excellent 
pattern fidelity in x- and y-dimensions, but pattering in the z-plane 
is limited. 
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In this work, patterned rigidity is achieved by photocrosslinking an 
interpenetrating network of stiffer polymer within a soft base hydrogel. Standard 
photolithography using a photomask produces excellent 2D patterning, but resolution in 
the third dimension is limited. If complex, three dimensional patterns are required, 
hydrogels can be patterned using two-photon absorption laser-scanning lithography 
(TPA-LSL) on a confocal microscope (Hahn et al. 2005). For this application, a fully 
hydrated base hydrogel with a second polymer solution evenly distributed throughout the 
hydrogel is placed on the motorized stage of a confocal laser-scanning microscope (Hahn 
et al. 2005). Instead of a physical photomask, a virtual photomask is created using 
standard software to define regions of interest (ROI) in which laser irradiation of the 
hydrogel is desired (Hahn et al. 2005). Because free radical formation is limited to the 
focal point of the laser, polymer in areas of the hydrogel that are out of focus remains 
uncrosslinked (Hahn et al. 2006). 
Studies using TPA-LSL to pattern within 6 kDa PEGDA hydrogels have found 
that radical diffusion from the laser focal point is minimal, with resolution limited mainly 
by the laser used (Hahn et al. 2006). Levels of precursor immobilization can be varied by 
adjusting irradiation exposure time and/or beam intensity, and multiple molecules can be 
immobilized in spatially distinct locations using sequential patterning with intermediate 
rinsing (Hahn et al. 2005, Hahn et al. 2006). This technique allows the patterning of 
features down to 5 microns in size as well as 3D surface patterns up to 5 microns high 
(Hahn et al. 2005). Patterning of taller surface features is limited by axial distortion due 
to beam refraction (Hahn et al. 2005). TPA-LSL can be used for both biochemical and 
biomechanical patterning of PEGDA hydrogels. In the case of the former, the addition of 
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acryloyl-PEG-peptide funtionalizes areas of the hydrogel without changing crosslinking 
density, whereas in the latter the crosslinking of PEGDA within the existing hydrogel 
network can be used to change the local mechanical properties in those areas (Harm et al. 
2006). Controlled photocleaving of PEG-based hydrogels with photolabile groups has 
also been described using single-photon LSL and TPA-LSL (Kloxin et al. 2009, Kloxin 
et al. 2010). Although TPA-LSL allows much greater feature resolution than traditional 
photolithography, it is significantly more time-intensive and its use is therefore typically 
limited to applications where reduced feature size or 3D patterning is required. The 
hydrogels described in this chapter were patterned using traditional photolithography, but 
the techniques described are readily translatable to TPA-LSL. 
Large portions of this chapter were published as a research article in 
Biotechnology & Bioengineering (Nemir et al. 2010) and are used with permission. 
2.2: MATERIALS AND METHODS 
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 
2.2.1: SYNTHESIS AND CHARACTERIZATION OF PEGDA 
Poly(ethylene glycol) diacrylate (PEGDA) was prepared as previously described 
(DeLong et al. 2005). Briefly, 0.1 mmol/mL dry polyethylene glycol) (3.4, 6, 10 20, or 
35 kDa; Fluka, Milwaukee, WI) was combined with 0.4 mmol/mL acryloyl chloride and 
0.2 mmol/mL triethylamine in anhydrous dichloromethane under argon, stirring 
overnight. The resulting PEGDA was washed with K2CO3 (EMD, Gibbstown, NJ), dried 
with anhydrous MgSCu (Fisher Scientific, Fair Lawn, NJ), and precipitated in diethyl 
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ether (Fisher Scientific), then filtered and dried in vacuo. Figure 2-2 shows a general 
reaction scheme for the PEG acrylation. 
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Figure 2-2: General reaction scheme for PEGDA synthesis from poly(ethylene 
glycol) and acryloyl chloride. 
Proton nuclear magnetic resonance imaging (H-NMR) was used to quantify PEG 
acrylation. Samples were dissolved in deuterated chloroform and analyzed using a 
Bruker 400 MHz NMR spectrometer (Bruker, Billerica, MA). The ratio of protons in 
acryloyl groups (with peaks located at 5.80, 6.05, and 6.43 ppm) to those in the ethylene 
glycol repeat units (with peaks at 3.54 ppm) has frequently been used to calculate the 
degree of acrylation. This technique provides only an approximation of acrylation, 
however, given the polydispersity associated with polymer molecular weights. A more 
accurate method takes advantage of the replacement of OH end groups with acrylate 
groups during PEGDA synthesis, using the ratio of protons in these two groups to 
quantify the degree of acrylation. This technique does not depend on the molecular 
weight of the polymer. Figures 2-3 A and 2-3B show theoretical chemical shifts for PEG 
and PEGDA with their corresponding H-NMR profiles. Figure 2-3C shows an H-NMR 
spectrum for 10 kDa PEGDA, which is characteristic of the spectra generated for each 
polymer batch. The degree of acrylation of all batches of PEGDA used in this thesis 
research was greater than 90%. 
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Figure 2-3: Theoretical chemical shifts on proton NMR for PEG (A) and PEGDA (B). Blue 
circles indicate characteristic peaks for each polymer. Acrylate peaks are also indicated. Sample 
H-NMR spectrum shows characteristic peaks for PEGDA (C). 
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2.2.2: SYNTHESIS AND CHARACTERIZATION OF ACRYLOYL-PEG-RGDS 
Heterobifunctional acryloyl-PEG-SCM (Laysan Bio, Arab, AL) was combined 
with RGDS (Arg-Gly-Asp-Ser, cell adhesive peptide, American Peptide, Sunnyvale, CA) 
in a 1:1.2 molar ratio and with diisopropylethylamine in a 1:2 molar ratio in anhydrous 
dimethyl sulfoxide and allowed to react under argon overnight. The solution was then 
dialyzed against ultrapure water using a 2000 Da molecular weight cutoff (MWCO) 
regenerated cellulose dialysis membrane (Spectrum Laboratories, Rancho Dominguez, 
CA), lyophilized, and stored at -20 °C until use. Figure 2-4 shows a general reaction 
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Figure 2-4: General reaction scheme for PEG-peptide conjugation. 
Matrix-Assisted Laser Desorption Ionization - Time Of Flight mass spectroscopy 
(MALDI-TOF) was used to identify the mass to charge ratios of species present in each 
lot of PEG-SCM. Samples were dissolved in methanol, deposited onto a Bruker 
AnchorChip prespotted with a-cyano-4-hydroxycinnamic acid and analyzed using an MS 
Autoflex MALDI TOF-TOF (Bruker Daltonics, Billerica, MA). As shown in Figure 2-5, 
the most commonly encountered species were acryloyl-PEG-SCM (the desired product), 
OH-PEG-SCM, and OH-PEG-OH. Each of these species followed an approximately 
normal distribution, with peaks for a single species spaced ~44 Da apart (representing 1 
ethylene glycol unit). This polydispersity occurs during PEG polymerization and results 
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from differences in the exact number of repeat units of ethylene glycol in each polymer 
chain. Identification of each set of peaks depends on the different molecular weights of 
the end groups. Although MALDI-TOF is not strictly quantitative (Szajli et al. 2008), 
qualitative differences in the proportions of various components can be observed. Lots of 
PEG-SCM were prescreened for presence of the desired species, and only lots with a high 
proportion of acryloyl-PEG-SCM were used in this thesis work. 
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Figure 2-5: MALDI-TOF mass spectroscopy profile of acryloyl-PEG-SCM showing desired product 
(acryloyl-PEG-SCM, in red) as well as the major contaminant (PEG or non-acrylated PEG-SCM, in 
blue). 
Conjugation efficiency was determined using gel permeation chromatography 
(GPC) with an evaporative light scattering detector (Polymer Laboratories, Amherst, 
MA), and the amount of PEG-RGDS used in each experiment was corrected for the 
degree of conjugation to assure the desired ligand concentration. Figure 2-6 shows a 
characteristic GPC profile for PEG-SCM and PEG-RGDS. The batch shown had 96.2% 
conjugation, which is typical for this reaction. 
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Figure 2-6: GPC elution profile for PEG-SCM (grey) and PEG-RGDS (red). 
2.2.3: PREPARATION OF UNPATTERNED PEGDA HYDROGELS 
Unpatterned hydrogels were prepared by dissolving PEGDA of varying molecular 
weight (3.4, 6, 10 20, or 35 kDa) in HEPES-buffered saline (10 mM N-[2-
hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid] and 10 mM NaCl in ultra pure water, 
pH adjusted to 7.4) (HBS) with 10 uL/mL photoinitiator solution (2,2-dimethoxy-2-
phenyl-acetophenone 300 mg/mL in N-vinylpyrrolidone). Solutions were sterilized via 
filtration (0.22 (j.m), injected into molds made with glass slides separated by 1.7 mm 
spacers, and exposed to long wavelength UV light (365 nm, 10 mW/cm2) for 2 minutes. 
Hydrogels were soaked in HBS until fully swollen, then subjected to mechanical testing 
as described below. 
2.2.4: PREPARATION OF PEGDA HYDROGELS 
WITH DISTINCT PATTERNS OF ELASTICITY 
Polymer solution for base hydrogels was prepared by dissolving 0.1 g/mL 20 kDa 
PEGDA in HBS with 10 uL/mL photoinitiator solution (2,2-dimethoxy-2-phenyl-
acetophenone 300 mg/mL in N-vinylpyrrolidone). Solutions were sterilized via filtration, 
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injected into molds made with glass slides separated by 1 mm spacers, and exposed to 
long-wavelength UV light (365 nm, 10 mW/cm ) for 45 seconds. Hydrogels were 
incubated in HBS overnight, and then placed into a sterile solution of 0.2 g/mL 3.4 kDa 
PEGDA in HBS with 10 uL/mL photoinitiator solution on a rocker table under argon 
overnight. Samples were removed from this solution, rinsed briefly with HBS to remove 
polymer solution from the surface, and patterning was accomplished by 
photocrosslinking for 1 minute under long wavelength UV light using a photomask 
printed on a transparency, as shown in Figure 2-7. The printed sides of transparencies 
used for patterning have topology created by ink on their surface. In order to prevent this 
topology from translating to the gel surface during patterning, transparencies were placed 
ink-side up unless otherwise noted. 
Striped samples were patterned with -350 um-wide 3.4/20 kDa stripes separated 
by 20 kDa stripes of equal (50% patterned), double (33% patterned), or quadruple (20% 
patterned) width. Control samples were prepared using clear (100% patterned) or 
uniformly black (0% patterned) photomasks. Samples were then placed in HBS 
overnight to allow uncrosslinked PEGDA to diffuse out prior to mechanical testing. 
Samples used for compressive testing with atomic force microscopy (AFM) were 
patterned with -400 x 600 jam stiffer rectangles surrounded by softer areas. 
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Figure 2-7: Schematic diagram of patterned hydrogel formation. First 20 kDa PEGDA base 
hydrogel (0.1 g/mL) is crosslinked under UV light for 45 seconds (1, A to B). Next, base hydrogel is 
placed in soak solution containing 0.2 g/mL 3.4 kDa PEGDA + 10 uL/mL photoinitiator solution and 
allowed to soak overnight (2, B to C). The hydrogel is removed from soak solution, rinsed briefly, 
and placed under UY light for 1 minute using a photomask to restrict crosslinking to patterned areas 
(3, C to D). Finally, hydrogel is soaked in HBS to allow uncrosslinked soak solution to diffuse out (D 
toE). 
The length of the soaking step required for a uniform distribution of polymer soak 
solution within the base hydrogel was determined using confocal microscopy to visualize 
diffusion of 3 kDa dextran-fluorescein (Molecular Probes, Eugene, OR) within the base 
gel. This dextran had a similar size and chemical structure to 3.4 kDa PEGDA and its 
diffusion into the base hydrogel was expected to closely predict PEGDA diffusion. To 
determine whether photoinitiator quenching during sample soaking might affect 
mechanical properties of the patterned hydrogels, hydrogel samples were removed from 
soak solution after 0.5, 1, 2, 4, 8, 24, and 96 hrs, crosslinked using a clear transparency as 
a photomask, and subjected to mechanical testing as described below. 
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2.2.5: VISUALIZATION OF PATTERNING 
Patterns within the PEGDA hydrogels were discernable without the use of 
contrast agents due to differences in the refractive index between stiff and soft regions. 
However, to distinctly visualize and image patterns, as well as to confirm that hydrogel 
patterning was not limited to gel surfaces, hydrogels were soaked in 10 mg/mL solutions 
of fluorescently-labeled dextran of different sizes in HBS (Dextran-fluorescein, 10, 40, 
70, or 500 kDa; Molecular Probes). Hydrogels were removed from dextran solutions, 
rinsed in ultrapure water for ten minutes and then imaged on a fluorescence microscope 
(Zeiss Axiovert 135, Thornwood, NY). As a second method of visualizing hydrogel 
patterning, 1 mg/mL acrylated fluorescein (Sigma-Aldrich) was added to the second 
polymer solution. The acrylated fluorescein was then covalently immobilized within the 
polymer network during photocrosslinking, and uncrosslinked fluorescein was allowed to 
diffuse out prior to imaging. For AFM mechanical testing and imaging of relative strain 
in stiff and soft areas of patterned hydrogels during tensile testing, patterned hydrogels 
were soaked overnight in HBS with 0.01% w/v cresyl violet acetate (Aldrich Chem. Co., 
Milwaukee, WI), which preferentially dyed stiff regions of the hydrogel. 
2.2.6: CHARACTERIZATION OF HYDROGEL MECHANICAL PROPERTIES 
With the exception of AFM, all mechanical testing was performed using an 
Instron Model 3340 materials testing device (Norwood, MA) with Instron Series IX/s 
software for system control and data acquisition. For tensile testing, dogbone-shaped 
samples were cut using a metal punch, measured using digital calipers, and then 
subjected to uniaxial strain at a rate of 6 mm/min using a 10 N load cell. For patterned 
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hydrogels, dogbones were aligned with the long axis either parallel or perpendicular to 
the stripes. For compressive testing, circular samples were cut using a metal punch, 
measured using digital calipers, and then subjected to unconfined, uniaxial compression 
at a rate of 6 mm/min using a 500 N load cell. The force-elongation data collected was 
used to calculate average elastic modulus, defined as the slope of the linear portion of the 
stress-strain curve. 
For measurement of differential strain between patterned areas, patterned 
hydrogels were dyed with cresyl violet acetate and photographed while under tension. 
The photographs were then analyzed using ImageJ software (NIH, Bethesda, MD) to 
determine strain rates for dyed and undyed areas. To ensure that dyeing the hydrogels 
did not change their mechanical properties, hydrogels of uniform rigidity were soaked 
overnight in HBS with or without 0.01% w/v cresyl violet acetate and were then 
subjected to tensile testing as described above. 
2.2.7: ATOMIC FORCE MICROSCOPY 
AFM mechanical testing was performed in collaboration with Prof. Jay 
Humphrey and graduate student Heather Hayenga at Texas A&M University. Hydrogels 
patterned with stiff rectangles were subjected to mechanical testing using a Bioscope 
System AFM (Model 3 A; Veeco, Santa Barbara, CA) mounted on an Axiovert 100 TV 
inverted optical microscope (Carl Zeiss, Jena, Germany). A Nanoscope Ilia controller 
and Nanoscope III 5.12 software were used in data acquisition, and a video camera 
(Model TM 34KC; Pulnix, Yokohama, Japan) was used to display real-time images 
during testing. The AFM was modified with a glass probe holder and silicon sleeve to 
allow for testing in liquid. AFM probes with silicon-nitride cantilevers (spring constant 
0.06 N/m) fused with 5 urn diameter glass spheres (Novascan Technologies, Ames, Iowa) 
were used to mimimize damage to the hydrogel surface during testing. 
Cantilever deflection sensitivity was calibrated on a bare Petri dish immersed in 
phosphate-buffered saline (PBS) prior to hydrogel testing. Hydrogels were attached to a 
60 mm Petri dish using a cyanoacrylate-based adhesive filled with 1.8 mL of deionized 
PBS. Testing was performed in force mode, with AFM probes repeatedly indenting and 
retracting from the hydrogel surface at 0.5 Hz with a total displacement of 0 to 800 nm. 
Each hydrogel was tested at multiple locations, with 150 force curves acquired per 
location and 512 data points per curve. 
Force curves were analyzed as in Trache et al. (2005), with some minor 
modifications. Cantilever deflection d (V) was determined from the laser position on the 
quadrant photodiode and was monitored as a function of piezo movement using 
S = z-dsd (2.1) 
where 8 is the hydrogel deformation or indention depth (nm), z is the piezo displacement 
(nm), and ds is the deflection sensitivity (nm/V). The force derived from the cantilever 
deflection was calculated using 
f=kdsd (2.2) 
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where/ is the applied force (nN) and k is the cantilever spring constant (nN/nm). To 
calculate the apparent Young's modulus (E), we employed Sneddon's modification to the 
Hertz model (Sneddon 1965): 
/ , =kdd = ±d*(-^\[R (2 '3) 
J sphere s -, , 2 
3 yi-o ) 
where u is the Poisson ratio (assumed to be 0.5) and R is the radius of the sphere. This 
model was chosen due to the small area of indentation by the spherical probe, the 
relatively flat hydrogel surface (variation less than 750 nm as determined by AFM), the 
linearity of the force-indentation curve, and the material uniformity of hydrogels. 
The initial point of contact was first determined by fitting a bidomain polynomial 
algorithm to the raw AFM force curve as described in Costa et al. (2006). The elastic 
modulus of each gel was calculated from the linear portion of the stress-strain curve. 
Distributions for the measured values were averaged at each location. 
2.2.8: EVALUATION OF PEPTIDE INCORPORATION INTO PEGDA HYDROGELS 
Peptide incorporation was analyzed using fluorescently-labeled PEG-RGDS. For 
labeling, PEG-RGDS was combined in a 1:1 molar ratio with Alexa Fluor 594 carboxylic 
acid, succinimidyl ester (Invitrogen, Carlsbad, CA) in a 1:2 volumetric mixture of 
dimethyl formamide and 50 mM sodium bicarbonate buffer, pH 8.5, allowed to mix for 
two hrs, and dialyzed against several changes of ultrapure water using a 3500 Da MWCO 
regenerated cellulose dialysis membrane (Slide-A-Lyzer, Thermo Scientific, Rockford, 
IL). Fluorescently-labeled PEG-RGDS was then lyophilized and stored at -20 °C until 
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use. The protocol for incorporation of fluorescently-labeled PEG-RGDS into or onto 
hydrogels was identical to that used for non-labeled PEG-RGDS. 
2.2.9: STATISTICAL ANALYSIS 
Results are reported as the mean ± standard deviation unless otherwise noted. The 
statistical significance was determined using a two-tailed Student's t-test when 
comparing two groups or ANOVA with Tukey post-hoc analysis when comparisons of 
multiple groups were required. Differences were considered significant for p < 0.05. 
Statistical analysis was performed using Microsoft Excel. 
2.3: R E S U L T S AND DISCUSSION 
2.3.1: DETERMINATION OF STEADY STATE 
Mechanical testing of hydrogels incubated with 3.4 kDa PEGDA and crosslinked 
at various time points revealed that a mechanical steady state was reached after 4 hrs of 
incubation with the 3.4 kDa PEGDA with no further changes at least up to 96 hrs, the last 
time point collected (Fig 2-8). Of note, samples that were soaked under room air rather 
than argon exhibited significant photoinitiator quenching and loss of mechanical 
properties at similar time points. Confocal microscopy using fluorescently-labeled 
dextran as a model for PEGDA confirmed a uniform distribution of the soak solution 
within the base hydrogels by 4 hrs. 
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Figure 2-8: Variation in elastic modulus with soak time reached a steady state after four hrs. This 
steady state was maintained out to 96 hrs, the last time point collected. 
2.3.2: VISUALIZATION OF PATTERNING 
To better visualize patterned hydrogels and to confirm that patterns made with 3.4 
kDa PEGDA within a 20 kDa PEGDA hydrogel extended throughout the thickness of the 
construct and were not limited to surface changes, hydrogels with elasticity patterned in 
stripes were soaked in solutions containing fluorescently-labeled dextran with molecular 
weight ranging from 10 to 500 kDa. This strategy takes advantage of the fact that 
PEGDA hydrogel mesh size is closely related to the molecular weight of the polymer, 
with larger polymer molecular weight corresponding with larger mesh size and smaller 
polymer molecular weight corresponding to smaller. By visualizing the diffusion of 
dextran into the hydrogel, it is possible to see transitions in hydrogel mesh size. 
Theoretically, only dextran of intermediate size would allow pattern visualization; above 
this size dextran would be excluded from all regions of the hydrogel, while below this 





Figure 2-9: Visualization of patterning. Overlays of phase contrast and fluorescent 
images. Patterns within hydrogels could be visualized by soaking patterned gel in a 
solution of 70 kDa dextran-fluorescein, which diffuses freely into the larger mesh size of 
20 kDa stripes but is excluded from areas patterned with 3.4 kDa PEGDA. 
Figure 2-9 shows a hydrogel patterned with stripes. The phase contrast image is 
overlaid with a fluorescent image of the hydrogel after soaking in a solution containing 
70 kDa fluorescently-labeled dextran. The patterned fluorescence was not visible in 
hydrogels that had been soaked in 500 kDa, 40 kDa, or 10 kDa dextran. As expected, 
dextran is present only within softer areas of larger mesh size. This hydrogel was 
patterned with the transparency placed with the printed side in contact with the gel 
surface, which accounts for the surface patterning seen. Figure 2-10 shows a hydrogel 
patterned with stiff rectangles against a soft background. Here the phase contrast image 






Figure 2-10: Visualization of patterning. Overlays of phase contrast and fluorescent 
images. Here acrylated fluorescein was included within the second PEGDA solution 
prior to patterning and then photocrosslinked into the polymer network only in areas 
of UV exposure. 
2.3.3: CHARACTERIZATION OF HYDROGEL MECHANICAL PROPERTIES 
Hydrogels with uniform rigidity were subjected to tensile and compressive 
mechanical testing. In general, both tensile and compressive elastic moduli increased 










































3.4 6 10 20 35 




j ^ H ~ l 
3.4 6 10 20 35 












0.05 0.1 0.2 
[35 kDa PEGDA] (g/mL) 
Figure 2-11: Hydrogel modulus in both tension (A) and compression 
(B) varies directly with polymer concentration and inversely with 
polymer molecular weight. Blue bars are 0.05 g/mL, purple are 0.1 
g/mL, tan are 0.2 g/mL. (C) The modulus of 35 kDa hydrogels is 
slightly higher in compression (grey bars) than in tension (green bars). 
The bulk mechanical properties of hydrogels with elasticity patterned in stripes 
were determined as described in materials and methods. By mechanically testing 
hydrogels both parallel and perpendicular to the stripe axis, it was possible to determine 
whether this type of patterning created anisotropy in the bulk material. We hypothesized 
that the elastic modulus parallel to the stripes, where strain would be limited by the less 
elastic 3.4 kDa stripes, would be higher than that perpendicular, where the more elastic 
20 kDa stripes could freely stretch. When striped hydrogels dyed with cresyl violet 
acetate were placed under tension perpendicular to the stripe axis, there was a clear 
difference in deformation between stiff and soft stripes (Fig 2-12). This difference was 
not seen when tension was applied parallel to the stripe axes. Quantification of 
individual stripe elongation during mechanical testing revealed significantly more strain 
in soft stripes than in stiff stripes at high stresses (p < 0.0002). Mechanical testing of 
hydrogels with uniform rigidity that had been dyed with cresyl violet acetate or left 
undyed revealed no significant effect of the dye on hydrogel mechanical properties. 
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Figure 2-12; KMffffereimtiall strata witliim a lydrogeE witl patterned elasticity. Tie left pameJ slows ill® 
lydrogel at Ms ©rigimal lemgtlh prior to amy erossltaead movemmemit Tie rigid panel slows t ie samme 
lydirogel stretctoed to approximately twice its original Eeimgtlh. Analysis off deformation] witlim stiff 
amid soft areas reveals sigmiffkainitly greater strain inn softer (clear) stripes wlemi compared to stifffeir 
(dark) stripes (p < © Jffl©2). 
As shown In Figure 2-13 A, there was a significant difference in directional 
modulus for hydrogels with 20% and 33% of the area patterned (p < 0.02). Differences 
in directional modulus did not achieve significance for 50% patterned hydrogels. The 
loss of anisotropy observed in 50% patterned hydrogels Is likely due to the non-
coilirnated light source used In patterning, which caused spreading of patterned areas 
with increased distance from the photomask (Fig 2-13C) and may have caused partial 
merging of stiffer areas In samples with closely-spaced stripes. This loss of pattern 
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fidelity with distance from the photomask could be minimized with the use of a 
collimated light source. The elastic modulus of patterned hydrogels showed a strong 
dependence on the spacing of patterned stripes and thus on the percentage of the base 
hydrogel volume that was patterned with 3.4 kDa PEGDA. There was a significant 
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Figure 2-13: (A) Striped hydrogels exhibit anisotropy. Hydrogels with rigidity patterned in stripes 
underwent tensile testing in directions parallel and perpendicular to stripe axes. In hydrogels 
patterned with two soft stripes to every stiff stripe (33% patterned) or three soft stripes to every stiff 
stripe (25% patterned), there was a significant difference in effective elastic modulus with testing 
direction. This difference was not seen in entirely stiff hydrogels (100% patterned) nor in entirely 
soft hydrogels (0% patterned), as expected. (C) Cross-section through thickness of patterned 
hydrogel along dashed line in (B). The non-collimated nature of the light source used in patterning 
caused widening of patterned areas as distance from the photomask increased, likely causing the loss 
of anisotropy seen in 50% patterned hydrogels. 
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Compressive testing of hydrogels using AFM confirmed a difference in modulus 
between patterned areas, with a modulus of 167.1 ± 20.6 kPa for crosslinked rectangles 
vs. 92.4 ± 9.9 kPa for the softer areas between rectangles (p < 0.02). This confirms that 
the difference in mechanical properties seen in bulk mechanical testing is also discemable 
on a cellular level. 
2.3.4: EVALUATION OF RGDS INCORPORATION INTO PEGDA HYDROGELS 
As discussed in Chapter 1, the amount of adhesive ligand available for cell 
binding can significantly affect cellular responses to substrate rigidity. Because of this, it 
was important to confirm that the concentration of available adhesive ligand was uniform 
across the hydrogel surface. A seemingly simple task, this proved to be one of the more 
challenging aspects of my thesis work. 
The concern that the amount of available adhesive ligand might vary between stiff 
and soft areas of the hydrogel is based on the chemical structure of PEGDA hydrogels. 
Due to the linear nature of the PEG polymer and the fact that crosslinking takes place 
only at the ends of polymer chains, one can best envision a PEGDA hydrogel as a 
multitude of strings held together at their ends by knots. As the molecular weight 
decreases, the polymer chains become shorter and "knots" are closer together, with a 
higher density of crosslinking sites within a given space. This gives rise to a stiffer 
network with smaller mesh size. Because the surface density of crosslinking sites differs 
between polymers of different molecular weight, and because ligand incorporation occurs 
at crosslinking sites, it is possible that the efficiency of ligand incorporation would also 
differ. 
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To avoid complications related to possible differences in the incorporation of cell 
adhesive ligand added to the hydrogels after patterning, I chose to incorporate PEG-
RGDS into the base hydrogels prior to patterning. To assess for the uniformity of 
incorporation after patterning, base hydrogels were formed using fluorescently-labeled 
PEG-RGDS and fluorescein-o-acrylate was included within the second polymer solution. 
After patterning, the hydrogels were soaked in several changes of buffer prior to imaging 
to remove any uncrosslinked PEG-RGDS or fluorescein-o-acrylate and then imaged 
using epifluorescent and confocal microscopy. There was no difference observed in 
ligand concentration between soft and stiff areas of the patterned hydrogels (Fig 2-14). 
Figure 2-14: Fluorescently-labeled PEG-RGDS is distributed uniformly throughout the bulk of the 
hydrogel (C), while acrylated fluorescein is limited to stiff rectangles (B). (B) and (C) are fluorescent 
overlays with phase contrast (A). 
2.4: CONCLUSIONS 
Using PEGD A of varying polymer chain length and photolithographic patterning 
techniques, I am able to produce substrates with highly tunable spatial patterning of 
mechanical properties. Due to their excellent biocompatibility, these substrates can be 
used to study cell response to substrate rigidity in both two and three dimensions, 
offering a distinct advantage over the mechanically-patterned substrates developed to 
date. Hydrogels with distinct patterns of elasticity may allow the spatial patterning of 
multiple cell types or of cell behavior within a single cell type. We have also shown the 
spatial patterning of strain during mechanical loading within a single hydrogel, offering a 
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unique opportunity to study cellular response to differential strain during static or cyclic 
loading. These hydrogels also offer an opportunity to view cell response to two or more 
rigidities or strains within a single microscopic field-of-view, minimizing sample-to-
sample variation that may occur when comparing cells on separate substrates. 
In addition to their applications in the study of cell response to substrate rigidity, 
these hydrogels also offer the potential for use as a tissue engineering scaffold, in which 
spatial patterning of stiffness might be desired for compliance-matching with native 
tissues. Hydrogels with rigidity patterned in discrete areas may be used as a tool in the 
engineering of organs with complex organization of multiple cell types. Patterned 
hydrogels that exhibit anisotropy may be used in applications such as heart valves, where 
native tissues are anisotropic (Stella and Sacks 2007). 
In the next chapter, I will discuss the use of PEGDA hydrogels with distinct 
patterns of elasticity for the study of macrophage and mesenchymal stem cell behavior. 
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CHAPTER 3: CELL RESPONSES TO SUBSTRATES 
WITH DISTINCT PATTERNS OF ELASTICITY 
3.1: INTRODUCTION 
There are many options that must be considered when selecting a cell source for a 
tissue engineered construct. Cells may be autologous (harvested from and returned to the 
recipient), syngeneic (from a genetically identical donor), allogenic (from a non-identical 
donor of the same species), or xenogenic (from a member of another species). The cells 
may be fully or partially differentiated or may be multi- or toti-potent, as is the case with 
stem cells. Because the number of cells that can be harvested from a donor may be 
limited, the cells are often expanded in vitro to achieve higher cell number prior to 
construct seeding. Cells may undergo prolonged in vitro culture and are often subjected 
to mechanical or chemical stimuli during this time to maintain an appropriate phenotype. 
Cells may also be manipulated ex vivo to achieve a particular in vivo function, as is done 
in some gene therapy applications. Clearly there are many factors that are relevant to the 
selection of a cell source. 
For this project, human mesenchymal stem cells (MSCs) were used as a cell 
source. These cells were chosen because they are able to differentiate down multiple 
lineages of interest in the engineering of hard and soft tissues, including bone, muscle, 
and fat (Fig 3-1) (Caplan and Bruder 2001, Conget and Minguell 1999). MSCs can also 
be induced to differentiate into neuron-like cells, a capacity that has only recently been 
recognized and is still the subject of some controversy (Chen et al. 2006, Deng et al. 
2006). MSCs in culture have a fibroblast-like phenotype and are adherent to plastic 
(Docheva et al. 2007). There is a lack of consensus as to positive markers for MSCs. The 
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combination of Stro-1 and VCAM-1 (vascular cell adhesion molecule-1, also called 
CD 106) has been suggested as a good marker for human MSCs (Kolf et al. 2007). 
Alternatively, SH-3 and SH-4, two monoclonal antibodies against CD73 (lymphocyte-
vascular adhesion protein 2), have been developed to help differentiate MSCs from other 
cells that might contaminate plastic-adherent MSC cultures, such as hematopoetic stem 
cells, osteoblasts, and osteocytes (Kolf et al. 2007). There is a slightly better consensus on 
negative markers: MSCs lack hematopoietic antigens (e.g. CD45, CD34) and monocyte, 
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Figure 3-1 [reprinted from Caplan et al. 2001, with permission from Elsevier]: Mesenchymal stem 
cells are able to differentiate down multiple connective tissue lineages. 
MSCs have been isolated from a variety of tissues including bone marrow, 
adipose tissue, periostium, blood, skeletal muscle, pericytes, synovial membrane, dermis, 
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umbilical cord, lung, trabecular bone, periodontal ligament, and dental pulp (reviewed in 
Docheva et al. 2007). The ease of MSC isolation with only minimally invasive 
procedures makes these cells ideal candidates for autologous transplantation as part of a 
tissue engineered construct. Furthermore, unlike some terminally differentiated cell lines, 
MSCs have enormous replicative capacity. A single MSC can be expanded ex vivo into 
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approximately 5.5 x 10 cells, with a population doubling time of 33 hours and a 2.4-fold 
increase in cell number after each passage (Conget and Minguell 1999). Extensive 
analysis of expanded bone marrow MSCs has shown that they retain their 
immunophenotype, morphology, and growth pattern through 20-25 passages when 
cultured in basic media without added differentiation factors (Conget and Minguell 
1999). 
MSC differentiation may be guided by a number of factors, including soluble and 
insoluble chemical factors, cell spreading, and substrate rigidity (Kolf et al. 2007, 
McBeath et al. 2004, Engler et al. 2006). As discussed in Chapter 1, MSCs cultured in 
growth media without differentiating factors have been shown to alter their gene and 
protein expression as well as their morphology when cultured on substrates of varying 
rigidity for as little as one week (Engler et al. 2006, Rowlands et al. 2008). The exact 
stiffness that promotes differentiation down a specific lineage appears to depend on the 
concentration and identity of the adhesive ligand used, with reports of maximum 
expression of the osteoblastic marker CBFal/RUNX2 on stiffnesses ranging from ~30 
kPa to ~80 kPa and maximum expression of the myoblastic marker MYOD1 on ~11 kPa 
to 25 kPa substrates (Engler et al. 2006, Rowland et al. 2008). Engler et al. (2006) also 
observed early neurogenic differentiation on their softest (0 .1-1 kPa) substrates. 
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Interestingly, although maximum marker expression achieved in MSCs was only 
about 50% of that seen in differentiated cells, the addition of an appropriate induction 
media raised expression of MYOD1 or RUNX2 to levels close to those seen in 
differentiated cells (Engler et al. 2006). Early in culture these changes were plastic, with 
addition of a competing differentiation media causing a shift in marker expression from 
that promoted by the matrix stiffness alone after one week of culture (Engler et al. 2006). 
After 3 weeks of culture, however, MSCs on substrates of optimal rigidity in non-
differentiating media achieved some degree of lineage commitment, with no shift in 
marker expression in response to competing differentiating factors (Engler et al. 2006). 
The possibility of guiding MSC differentiation based on the rigidity of the substrate in or 
on which it is cultured is intriguing, because it opens up avenues for patterning 
differentiation that are difficult, if not impossible, to achieve with soluble chemical and 
biochemical differentiating factors. 
In the previous chapter, I described the development of PEGDA hydrogels with 
patterned rigidity and postulated that these substrates could be used to guide cellular 
behavior in 2 and 3 dimensions. This claim is based on the long history of PEGDA 
hydrogels for 2 and 3D cell culture (see, for example, Hern and Hubbell 1998, Cruise et 
al. 1999, Mann et al. 2001) including the culture of MSCs (Alhadlaq et al. 2005) and the 
study of cell response to substrate rigidity (see, for example, Bryant and Anseth 2002, 
Park et al. 2004, Peyton et al. 2006). In this chapter, I will describe the use of these 
hydrogels to examine RAW 264.7 macrophage response to substrate rigidity in 2D and 
mesenchymal stem cell (MSC) response to substrate rigidity in 3D. 
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3.2: MATERIALS AND METHODS 
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless 
otherwise noted. PEGDA and PEG-RGDS were synthesized as described in Chapter 2. 
3.2.1: PREPARATION OF PEGDA HYDROGELS 
WITH DISTINCT PATTERNS OF ELASTICITY 
PEGDA hydrogels with distinct patterns of elasticity used in macrophage studies 
were prepared as described in Chapter 2, with the following modifications. Base 
hydrogels were prepared with 0.05 g/mL 20 kDa PEGDA and 0, 1, or 3 mM PEG-RGDS. 
The second PEGDA solution consisted of 0.15 g/mL 3.4 kDa PEGDA and 10 uL/mL 
acetophenone solution (300 mg/mL acetophenone and 10 mg/mL fluorescein-o-acrylate 
in NVP). The concentration for the base hydrogel was chosen to give a base modulus 
within a physiologic range for soft tissue, and the concentration of PEGDA in the soak 
solution was chosen to minimize swelling after crosslinking which still providing good 
contrast in mechanical properties between patterned and unpatterned areas. 
As discussed in Chapter 2,1 noted significant quenching of the acetophenone in 
the polymer soak solution when the solution was exposed to room air for prolonged 
periods of time. In hydrogels used to study cell behavior in 2D, it was possible to avoid 
this complication by soaking hydrogels under argon. Because cellular oxygen 
requirements precluded overnight soaking of hydrogels with encapsulated cells under 
argon, hydrogels used for 3D cell culture were instead made using an alternate 
photoinitiator, eosin Y with triethanolamine (TEA). This photoinitiator system has been 
shown to have continued activity even in the presence of 1000-fold excess oxygen 
(Avens et al. 2009) and to have good cellular compatibility (Cruise et al. 1998). 
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Polymer solution for base hydrogels was prepared by dissolving 0.07 g/mL of 35 
kDa PEGDA and 1.5 mM acryloyl-PEG-RGDS in mesenchymal stem cell growth media 
(MSCGM, Lonza, Basel, Switzerland) with 0.01 uM eosin Y, 15 uL/mL TEA, and 3.4 
uL/mL NVP. Solutions were sterilized via filtration (0.22 urn filter), and MSCs were 
suspended in the base hydrogel solution at 1 million cells/mL. The suspension was 
immediately injected into molds made with glass slides separated by 1 mm spacers and 
exposed to white light (150 Watt Fiber-Lite 180 Illuminator, Dolan-Jenner Industries, 
Boxborough, MA) for 4 min. Hydrogels were allowed to swell overnight in media on a 
rocker table at 37 °C and 5% CO2 then placed in a sterile solution composed of 0.25 g/mL 
3.4 kDa PEGDA in MSCGM with 0.01 uM eosin Y and again allowed to soak on a 
rocker table at 37 °C and 5% C02 overnight. TEA (15 uL/mL) and 3.4 uL/mL 
fluorescein-o-acrylate solution (10 mg/mL in NVP) were added to soak solution 40 
minutes prior to patterning. The length of time required for TEA to diffuse throughout 
the hydrogel was determined using mechanical testing, analogous to the technique used 
to determine soak time in Chapter 2. Samples were removed from soak solution, rinsed 
briefly with HBS and blotted to remove the solution from the surface, and patterned for 4 
minutes with white light using a photomask printed on a transparency. Hydrogels were 
then soaked in fresh media overnight at 37 °C and 5% CO2 on a rocker table to allow 
uncrosslinked polymer to diffuse out. Hydrogels were kept at 37 °C and 5% CO2 in static 
culture for the remainder of the experiment. All hydrogels used for cell studies were 
made and maintained under sterile conditions. 
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3.2.2: MECHANICAL TESTING 
In order to determine the elasticity of soft and stiff areas of hydrogels used in 
MSC studies, hydrogels were made as described above, patterned using a half black / half 
clear photomask, and soaked in media to remove uncrosslinked PEGDA prior to 
mechanical testing. Rectangular sections were cut from each side of each gel and were 
subjected to tensile testing using an Instron Model 3340 materials testing device 
(Norwood, MA) with Instron Series IX/s software for system control and data 
acquisition. To remove noise due to slipping of the hydrogel segments within the grips, 
thin strips of balsa wood were attached to each end of each rectangular segment using a 
cyanoacrylate-based adhesive, and these strips were gripped during testing. Samples 
were exposed to uniaxial strain at a rate of 6 mm/min using a 10 N load cell, and the 
force-elongation data collected was used to calculate average elastic modulus, defined as 
the slope of the linear portion of the stress-strain curve. Data analysis was performed in 
Microsoft Excel. 
3.2.3: CELL MAINTENANCE 
RAW 264.7 murine macrophages (RAW cells, ATCC, Manassas, VA) were 
cultured according to manufacturer's instructions in DMEM (ATCC) with 10% v/v fetal 
bovine serum (Atlanta Biologicals, Lawrenceville, GA) and 1% v/v antibiotic solution 
(5000 units penicillin + 5 mg streptomycin/mL) at 37 °C and 5% CO2. Media was 
changed every 2-3 days, and cells were passaged at -80% confluence. Cells were seeded 
on patterned hydrogels at 50,000 cells/cm2, and nonadherent cells were rinsed off after 4 
hrs. Hydrogels were imaged after 24 and 48 hrs. 
Human MSCs (hMSCs, Lonza) were cultured according to manufacturer's 
instructions in MSCGM (MSC basal media with 10% v/v mesenchymal cell growth 
supplement, 2% v/v L-glutamine, and 0.1% antibiotic solution containing gentamicin 
sulfate and amphotericin-B (Lonza) at 37 °C and 5% CO2. Media was changed every 2-3 
days and cells were passaged at -80% confluence. All cells were used at passages 3 
through 6. 
3.2.4: CELL STAINING 
For studies of MSC differentiation, hydrogels were removed from culture after 1 
week, fixed in 4% formaldehyde (Fisher Scientific, Fair Lawn, NJ) for 30 min, 
permeabilized with 0.5% Triton X for 45 min, blocked with 3% v/v donkey serum in PBS 
for 1.5 hr, and stained for a variety of markers of MSC differentiation. Five lineages 
were assessed: neurogenesis (mouse anti-P3-tubulin, Sigma), myogenesis (mouse anti-
MyoDl, Sigma), osteogenesis (rabbit anti-RUNX2, Abeam, Cambridge, MA), 
chondrogenesis (mouse anti-collagen II, Invitrogen, Carlsbad, CA), and adipogenesis 
(mouse anti-adiponectin and rabbit anti-PPARy2, Abeam). Hydrogels were incubated 
with primary antibodies diluted 1:100 in 0.1% w/v bovine serum albumin (BSA) in PBS 
at 4 °C overnight then rinsed with 5 washes of PBS on a rocker table at room 
temperature. Hydrogels were next incubated with fluorescently-labeled secondary 
antibodies (Alexa Fluor 647 donkey anti-mouse and Alexa Fluor 555 donkey anti-rabbit 
diluted 1:100 in 0.1 % w/v BSA in PBS) at 4 °C overnight, then were washed with 5 
changes of PBS on a rocker table at room temperature. 
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To determine whether any differences in marker expression between soft and stiff 
areas of the hydrogel were due to a difference in the number of living cells between the 
two areas, I assessed cell viability in hydrogels with patterned rigidity and encapsulated 
MSCs. The hydrogels were made and patterned as described above and were cultured for 
five days at 37 °C and 5% CO2. For viability assessment, cells in the hydrogels were then 
exposed to 4 uM ethidium homodimer and 2 uM calcein AM for 45 minutes, rinsed with 
media, and imaged. 
Cells in hydrogels were imaged using a Zeiss LSM 510 (Carl Zeiss, Inc., 
Thornwood, NY) with 488, 543, and 633 nm lasers and a META detector. Images were 
acquired using LSM 510 software and image analysis was performed using Adobe 
Photoshop and Image J (NIH, Bethesda, MD). 210 um thick Z-stacks (step size 3 urn) 
were taken at two separate locations on each of 4 gels. Images were taken approximately 
100 um from the edge on each side of the hydrogel along the border between soft and 
stiff areas. These locations were chosen to minimize edge effects and to standardize 
image location between specimens. For clarity, images are false-colored according to the 
target of the antibody. Therefore, P3-tubulin appears purple, MyoDl red, RUNX2 blue, 
cartilage II white, and fat markers yellow. The fluorescein crosslinked into stiff areas of 
the hydrogels appears green. 
3.2.5: IMAGE ANALYSIS 
Hydrogels were fixed and imaged as described in the previous section. For 
analysis of RAW cell attachment and proliferation, images were tiled using Adobe 
Photoshop and cells were counted manually at each timepoint. Cell density on stiff and 
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soft areas was assessed. Because cells were not fixed or stained for imaging, this 
counting procedure was non-destructive and gels could be followed through time. To 
assess for migration over the two day study, images from each timepoint were overlaid 
using hydrogel patterns for alignment, and changes in cell positions were noted. 
Although this did not give data on migration rates, it did give a qualitative assessment of 
net migration to and from stiff areas. 
For analysis of marker expression, Z-stacks of hydrogels with encapsulated MSCs 
were split into separate channels, each of which was then compressed into a series of 30 
micron deep z-projections. Figure 3-2 outlines the protocol used to analyze images. 
Steps A-D were performed using Adobe Photoshop; steps E-H used ImageJ software. 
First, the images were cropped to include equal areas of soft and stiff regions of the 
hydrogel (Fig 3-2B). All images were cropped to the same dimensions, so that identical 
areas of each hydrogel were assessed, and were rotated to match orientation of stiff and 
soft regions between images (Fig 3-2C). Next, the border between stiff and soft areas 
was determined using images of fluorescein conjugated within the hydrogel (Fig 3-2D). 
This border was translated onto images of stained cells (Fig 3-2E). The images were 
converted to 8-bit images, (Fig 3-2F), thresholded using identical parameters for each 
image within a group, and converted to masks (Fig 3-2G). Cells staining positive for 
each marker were counted using the "Analyze Particles" function within ImageJ (Fig 3-
2H). Particles less than 7 pixels (7 um) in size were excluded, as this level was 
determined to exclude occasional random noise left after thresholding without excluding 
cell nuclei, and particles on image edges or overlapping the line of demarcation between 
stiff and soft areas were excluded from analysis. 
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stiff and soft areas were excluded from analysis. Cell staining as a function of distance 
from the border between stiff and soft areas was also analyzed. 
figure 3-2: Image analysis of hMSCs encapsulated within a PEGDA hydrogel with patterned 
rigidity, cultured for 1 week, and stained for PPARy2. First, the image is overlaid with an opaque 
layer showing fluorescein conjugated within the base hydrogel (A). The image is cropped to a square 
of defined size with equal areas of soft and stiff hydrogel (B) and is rotated so that the stiff portion of 
the hydrogel is at the bottom of the image (C). A line is drawn at the border between soft and stiff 
areas (D) and the fluorescein layer is deleted (£). The image is then converted to 8-bit black and 
white (F), thresholded, and converted to a mask (G). Cells are identified, outlined, and counted using 
the "Analyze Particles" function in ImageJ (H) and data is copied into an Excel spreadsheet for 
further analysis. 
In order to determine the viability of encapsulated MSCs, the cells were stained 
with ethidium homodimer, which crosses cellular membranes and binds to DNA in dead 
cells only, and calcein AM, which is converted into a fluorescent metabolite by esterases 
in living cells. Due to overlap in the fluorescence of calcein AM with fluorescein-o-
acrylate in stiff areas of the hydrogel, viability analysis was limited to comparison of the 
total number of dead cells in stiff versus soft areas. Each image was cropped, 
thresholded, and analyzed as described above. 
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3.2.6: STATISTICAL ANALYSIS 
Results are reported as the mean ± standard deviation unless otherwise noted. The 
statistical significance was determined using a two-tailed Student's t-test when 
comparing two groups or two factor ANOVA with Holm-Sidak post-hoc analysis when 
comparisons of multiple groups and factors were required. Differences were considered 
significant for p < 0.05. Statistical analysis was performed using Microsoft Excel or 
SigmaPlot (Systat Software, San Jose, CA). 
3.3 RESULTS AND DISCUSSION 
3.3.1 MECHANICAL TESTING 
In order to determine the elastic moduli of soft and stiff areas of patterned 
hydrogels, gels made in media with eosin Y with encapsulated cells were patterned in 
large stiff and soft segments. Rectangles were removed from each segment and were 
subjected to mechanical testing. Engler et al. noted differences in expression of markers 
of differentiation between hMSCs grown on substrates with stiffness ranging from ~0.1 
to ~40 kPa. The patterned hydrogels used to study hMSCs in this work were engineered 
to cover a similar range of stiffness, with "stiff and "soft" regions of ~32 and ~2 kPa, 
respectively (Fig 3-3). 
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Figure 3-3: "Soft" and "stiff areas of the patterned hydrogels have 
significantly different elastic moduli (p < 0.01). 
3.3.2: MACROPHAGE ADHESION AND PROLIFERATION 
ON HYDROGELS WITH DISTINCT PATTERNS OF RIGIDITY 
Macrophage behavior as a function of substrate rigidity is virtually unknown. 
Though Beningo and Wang (2002) had shown increased opsonization of stiff 
polyacrylamide particles compared to soft particles of identical chemistry, studies of 
macrophage responses to surface stiffness had not previously been examined. In this 
study, RAW 264.7 macrophages were seeded on top of PEGDA hydrogels with patterned 
rigidity and followed for 48 hours. After rinsing at 4 hrs, there was already a notable 
difference in cell location, with cells preferentially located on stiff areas of the hydrogels. 
This difference increased in magnitude over the next two days, with significantly higher 
cell density on stiffer (66 kPa) areas than on softer (8 kPa) (p < 0.05, Fig 3-4, 3-5). 
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Figure 3-4: After 48 Itairs, macroplages are prefferemntEaMly located on sttiffer areas of 
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Figure 3-5: After 24 and 48 hrs, macrophages are preferentially located 
on stiffer (red, 66 kPa) areas of patterned hydrogels with PEG-RGDS at 
concentrations of 1 mM (A) or 3 mM (B). 
There are four possible explanations for the higher cell numbers seen on stiffer 
hydrogel regions: (1) increased adhesion on stiffer areas, (2) increased proliferation on 
stiffer areas, (3) decreased apoptosis on stiffer areas, or (4) migration from soft areas to 
stiff. Differences in cell density on stiff and soft areas were apparent after rinsing at four 
hrs, suggesting a difference in initial adhesion. It should be noted that some initial 
migration from soft to stiff areas or apoptosis of cells on soft areas during the first four 
hrs after seeding may have contributed to the difference observed. Cell proliferation 
between 24 and 48 hrs was significantly greater on stiff areas than on soft (p < 0.05). The 
change in cell density between the two timepoints [calculated as (cell density at 48 hrs) / 
(cell density at 24 hrs) x 100] was more pronounced on hydrogels with 1 mM RGDS 
(125% on soft areas vs. 214% on stiff) than on those with 3 mM RGDS (166% on soft 
areas vs. 200% on stiff). While it is difficult to assess apoptosis or migration using the 
images acquired in this study, cells attached to soft areas at early timepoints were 
typically noted to appear at similar locations on later images, indicating that loss of cells 
from soft areas did not appear to be significant. Definitive analysis of migration and 
apoptosis would require further studies. 
3.3.3: CELLULAR DIFFERENTIATION IN SUBSTRATES 
WITH DISTINCT PATTERNS OF RIGIDITY IN 3D 
Three of the markers of differentiation used in this study were chosen based on 
the experience of Engler et al. (2006) and Rowlands et al. (2008), who saw changes in 
P3 -tubulin, MYOD1, and RUNX2 expression with substrate rigidity. These studies 
found maximum expression of the neuronal marker p3-tubulin in MSCs grown on 0.1 to 
1 kPa substrates, maximum expression of the myogenic marker MYOD1 in MSCs grown 
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on 8-25 kPa substrates and maximum expression of the osteogenic marker core binding 
factor alpha 1 (also known as RUNX2) on 34-80 kPa gels. The range in stiffness values 
producing maximum marker expression is due to the particular variables used in each 
experiment, particularly the identity and concentration of cell-adhesive ligand used. The 
remaining three markers used to stain MSCs were chosen to investigate adipocytic and 
chondrocytic differentiation. Marker expression was assessed after 1 week, a timepoint 
at which Engler et al. (2006) saw significant differences in protein expression between 
cells cultured on different substrates. 
After one week in culture, there were obvious differences in MYOD1, 03-tubulin, 
and collagen II between soft and stiff areas of hydrogels (Fig 3-6 A, B, and C, 
respectively) with higher cell staining on the soft side of each gel. This clear difference 
in staining was not seen in PPARy2, adiponectin, or RUNX2 (Fig 3-6 D, E and F, 
respectively). 
100 
Figure 3-6: Full Z-stacks of hMSCs encapsulated in PEGDA hydrogels with patterned stiffness after 
one week of culture. Dotted lines in each image indicate the border between soft and stiff areas. 
MYOD1 (A), p3-tubulin (B), and collagen II (C) all show greater staining of cells in soft areas of the 
hydrogels; differences in PPARy2 (D), adiponectin (E), and RUNX2 (F) are not readily apparent. 
Scale bar 50 jim. 
Because qualitative assessment of cell staining has an obvious potential for bias, 
hydrogel images were subjected to automated image analysis as previously described. 
The border between stiff and soft regions of the hydrogel was marked using an overlay of 
fluorescence within the base hydrogel so that knowledge of cell staining could not bias 
line position, and cells intersecting this line of demarcation were excluded from analysis. 
The images were then thresholded, with settings preserved between all images within 
each group. The brightness of a particular image was impacted slightly by location 
within the chamber used for imaging. As a result, thresholding left a few images 
unusable due to excess noise (Fig 3-7). Rather than attempt to manually select the 
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Figure 3-7: Differences in image brightness caused by location within plates used 
in imaging caused difficulty in thresholding of some images. (C) and (D) 
demonstrate particles identified by identical automated analysis of (A) and (B), 
respectively. The dashed yellow line indicates the border between stiff and soft 
areas in each image. (C) was considered a successful analysis; (D) was excluded 
from analysis. 
As will be discussed further in the following chapter, mesh size within PEGDA 
hydrogels changes with alterations in polymer concentration or molecular weight. This 
change in mesh size can potentially affect diffusion of growth factors, nutrients and waste 
products within the hydrogel. Although diffusion of small molecules such as glucose and 
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oxygen should not be affected by the mesh sizes in these studies, differences in local 
concentration of other nutrients, growth factors, and waste products may impact 
differentiation directly or may simply alter the viability of encapsulated cells. In order to 
determine whether any difference in staining for markers of differentiation might have 
been related to a difference in cell viability between soft and stiff areas, hydrogels with 
encapsulated cells were cultured for 1 week then stained with ethidium homodimer. 
Although there was a slightly higher rate of staining for ethidium homodimer in stiff 
























Figure 3-8: MSCs encapsulated within patterned gels were removed 
from culture after 1 week and stained with ethidium homodimer to 
identify dead cells. Although there was a slightly higher rate of cell 
death in stiff areas of the hydrogels, the difference between soft and stiff 
areas was not statistically significant (p = 0.17). 
While it is nearly impossible to entirely separate the effects of stiffness from those 
of mesh size in 3D studies, the relative contributions of the two factors can be assessed 
by looking at differences in marker expression not only between stiff and soft areas but 
also between cells located at various distances from the hydrogel surface. Near the 
surface, differences in nutrient diffusion between soft and stiff areas will be minimized, 
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with differences becoming more apparent as distance from the surface increases. In order 
to analyze differences in cell staining as a function of both gel stiffness and depth, z-
stacks were collapsed into a series of 30-micron thick z-projections, each of which was 
analyzed for cell number as a function of location (stiff vs. soft). 
Fig 3-9 shows changes in MYOD1 staining with hydrogel stiffness and depth 
within the hydrogel. Of the markers analyzed in this experiment, MYOD1 had the most 
striking differences in staining between soft and stiff areas. It was also the only marker 
of differentiation studied that showed a significant difference in cell staining with depth 
within the hydrogel. Ironically, while studies have found links between hypoxia and 
decreased osteogenesis (Zahm et al. 2008), or hypoxia and increased chondrogenesis 
(Kanichai et al. 2008) and adipogenesis (Fink et al. 2004) (none of which showed a 
significant difference in cell staining with depth in this study), I was not able to find any 
studies linking myogenesis with hypoxia. It is important to note that changes in oxygen 
concentration within PEGDA hydrogels with encapsulated cells is thought to be primarily 
due to cells acting as oxygen sinks rather than limitations in diffusion (Cuchiara et al., 
accepted). Since the cell concentrations used in this study were very low, it is likely that 
there was not a significant change in oxygen tension with depth within the hydrogel. 
The difference in MYOD1 staining between soft and stiff areas of the hydrogels is 
not surprising, given previous findings by Engler et al. (2006) and Rowlands et al. (2008) 
that MSC expression of MYOD1 changes with changes in substrate rigidity. The greater 
expression of MYOD1 seen in the softer ~2 kPa areas when compared to -32 kPa regions 
differs somewhat from previous findings of maximum expression around 11 kPa (Engler 
et al. 2006) or 25 kPa (Rowlands et al. 2008). There are several possible explanations for 
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this discrepancy in the modulus promoting greatest marker expression. As pointed out in 
Rowlands et al. (2008), both the amount and the identity of the adhesive ligand used in a 
study can significantly affect the stiffness associated with maximum marker expression. 
Additionally, the experiment described in this chapter only tested expression in two 
distinct stiffnesses; it is entirely possible that maximum expression would appear at a 
stiffness intermediate to those studied here, such as those found by Engler and Rowlands, 
or even in a softer gel. 
Finally, there is likely to be significant differences in the stiffness responses of 
MSCs cultured in 3D vs. 2D. Differences in signaling between cells cultured in these 
two geometries are thought to be significant (Cuckierman et al. 2001). One of the 
advantages of this hydrogel system is that it allows for 2D and 3D culture using the exact 
same substrate, which will provide a powerful platform for studying the differences in 
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Figure 3-9: MYOD1 staining of MSCs encapsulated within a PEGDA hydrogel with patterned 
stiffness and cultured for 1 week. There is a significant interaction between stiffness and distance 
from surface (p < 0.001). At depths greater than 60 microns, there is significantly greater staining 
for MYOD1 in soft areas (light bars) than in stiff (* p < 0.001 vs. stiff at same depth). At depths less 
than 60 microns, this difference did not reach significance. The number of cells in soft areas staining 
positive for MYOD1 was significantly smaller at depths less than 60 microns compared to depths 
greater than 60 microns (squares p < 0.001, triangles p < 0.01, diamonds p < 0.05; filled shapes 
compared to 30-60 micron level, empty shapes compared to 0-30 micron level). There was not a 
significant difference in the number of cells staining positive for MYOD1 within stiff areas at 
different depths. 
The difference in MYOD1 expression with depth in the hydrogel was somewhat 
unexpected. Although I had expected to see a difference in marker expression with 
increased distance from the hydrogel surface, I expected that the expression would 
decrease as cell access to nutrients decreased, and I expected a stronger response from 
cells in stiff areas with smaller mesh size than those in soft areas. Instead, there is no 
significant difference in MYOD1 expression in stiff areas of the gels as a function of 
depth, with soft areas showing significantly higher expression at depths greater than 60 
microns when compared to shallower areas (Fig 3-9). One possible explanation is that a 
decrease in nutrients actually promotes myogenic differentiation of MSCs. Alternatively, 
there may be factors within Lonza's proprietary growth media that actively prevent 
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differentiation, and depth within the hydrogel may protect somewhat from the effects of 
these factors. A third possible explanation is that growth factors secreted by the cells 
may diffuse quickly out of areas of the hydrogel near the surface while those in deeper 
areas are sequestered and are thus available for autocrine and paracrine signaling. There 
was no significant difference in MYOD1 expression as a function of distance from the 
border between stiff and soft regions, though it should be noted that cells overlapping the 
border were excluded from analysis. 
P3 -tubulin expression was also higher in softer, ~2 kPa areas of the patterned 
hydrogels (Fig 3-10). This is consistent with previous findings by Engler et al. (2006) 
that p3-tubulin expression was highest on gels with moduli between 0.1 and 1 kPa. 
Again, I only compare expression at two distinct moduli, and it is possible that maximum 
expression would actually occur at a modulus intermediate to or lower than those studied 
here. Though there was no significance difference in expression of the marker as a 
function of depth within the hydrogel, the difference between soft and stiff areas only 
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Figure 3-10: p*3-tubulin staining of MSCs encapsulated within a PEGDA hydrogel with patterned 
stiffness and cultured for 1 week. There is significantly greater staining in soft (light bars) vs. stiff 
areas of the hydrogels at depths greater than 90 microns (** p < 0.01, *** p < 0.05 compared to stiff 
at same depth). This difference does not reach significance at depths less than 90 microns from the 
surface. There is no significant difference in staining with depth. 
RUNX2, the marker used to assess osteogenesis, had a markedly different 
expression profile than either MYOD1 or p3-tubulin (Fig 3-11). There was no significant 
difference in marker expression between stiff and soft areas, nor was there a difference in 
expression as a function of distance from the hydrogel surface. Of the markers used in 
this study, RUNX2 was the only one to demonstrate any increased staining in stiff areas 
over soft. It should be noted that very few cells in either side of the patterned gels stained 
positive for RUNX2, which was slightly surprising given previous findings by Engler et 
al. (2006) of maximum RUNX2 expression near 30 kPa. Again, the ligand used in this 
study differed in both identity and concentration from that used by Engler, and cells were 
cultured in 3D rather than on a 2D surface. Like MYOD1, RUNX2 expression depends 
on the particular conditions used in the experiment; using different ligands, Rowlands et 








therefore entirely possible that increased expression of RUNX2 in MSCs encapsulated 
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Figure 3-11: RUNX2 staining of MSCs encapsulated within a PEGDA hydrogel with patterned 
stiffness and cultured for 1 week. There is no significant difference in marker expression 
between stiff (dark bars) and soft areas in either pooled or grouped data, nor is there any 
significant difference in expression with depth from the hydrogel surface. 
Although they are the only lineages for which MSC differentiation in response to 
substrate rigidity has been studied, myogenesis, osteogenesis, and neurogenesis are far 
from the only differentiation pathways available to this progenitor cell type. MSCs can 
also differentiate into chondrocytes, adipocytes, tenocytes, and other connective tissue 
cells (Fig 3-1). Of these cell types, I was most interested in assessing chondrogenesis and 
adipogenesis as a function of substrate rigidity. 
I assessed chondrogenesis using an antibody to collagen II, a protein secreted 
predominantly by chondrocytes. Like MYOD1 and P3 -tubulin, collagen II expression 
was significantly higher in ~2 kPa areas of the hydrogels than in -30 kPa areas (Fig 3-
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12). There was not any significant difference in collagen II expression as a function of 
depth within the hydrogel. 
The increased collagen II staining in softer areas of the hydrogels was somewhat 
unexpected. As discussed in Chapter 1, many cell types have been shown to demonstrate 
physiologically relevant behavior when cultured on substrates with stiffness close to that 
of their native tissue (see, for example, Engler et al. 2004). Cartilage is a very stiff tissue 
(-0.4-200 MPa, Silver et al. 1992), and chondrogenesis might therefore be expected to 
occur most commonly on stiffer substrates. However, culture on much stiffer tissue 
culture polystyrene (elastic modulus ~2 GPa, Yim et al. 2010) does not typically promote 
chondrogenesis (see, for example, Li et al. 2003), indicating that there may be an 
intermediate stiffness where chondrogenesis is maximized. Studies of chondrocyte 
response to substrate rigidity in 3D have typically used much stiffer substrates than those 
used in this study (Bryant et al. 2004, Park et al. 2004); the behavior of chondrocytes in 
very soft substrates is therefore not known. It is possible that the softer substrate drives 
chondrogenic differentiation. Alternatively, the cells may all be differentiating into 
chondrocytes but only those cells in stiff areas are receiving signals that their 
surroundings are insufficiently stiff and that collagen production is necessary. Staining 
for an intracellular marker of chondrogenesis that is not linked to matrix production 
might shed some light on this issue. 
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Figure 3-12: Collagen II staining of MSCs encapsulated within a PEGDA hydrogel with patterned 
stiffness and cultured for 1 week. There is a difference in staining between soft (light bars) and stiff 
areas at all depths from the surface, though this difference only reaches significance at depths of 30 
to 90 and 120 to 150 microns (** p < 0.01, *** p < 0.05 compared to stiff areas at same depth). There 
is no significant difference in staining with depth. 
To assess for adipogenesis, I stained for the adipocyte markers PPARy2 and 
adiponectin. The expression profiles of these markers were very similar to one another 
(Fig 3-13). When data from the entire analyzed thickness was pooled, both PPARy2 and 
adiponectin had significantly higher expression in softer areas of the hydrogels than stiff. 
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Figure 3-13: Fat markers PPARy2 (A) and adiponectin (B) both have a significant difference in 
expression between stiff (dark bars) and soft areas of the patterned hydrogels when data is pooled (p 
< 0.001 and p < 0.05, respectively) but lose significance when grouped by depth within the hydrogel. 
There is no significant difference in expression of either marker with depth from the hydrogel 
surface. 
Studies of cell response to substrate rigidity in two dimensions have shown that 
cell spreading and differentiation may be linked (Engler et al. 2006). In addition to 
substrate rigidity, MSC differentiation can be guided by the degree to which the cell is 
allowed to spread. McBeath et al. (2004) were able to drive adipogenesis on rigid 
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surfaces by restricting cell spreading. Cells that were allowed to spread freely, by 
contrast, expressed osteogenic markers. By encapsulating cells within non-degradable 
PEGDA hydrogels, we effectively restricted their spreading and forced the cells to 
remain rounded. Given this, it is interesting to note that the MSC differentiation 
pathways that have previously been shown to be sensitive to cell spreading show the least 
sensitivity to substrate rigidity when encapsulated. This is a phenomenon that merits 
further study. 
3.4: CONCLUSIONS 
In this chapter, I demonstrated the utility of PEGDA hydrogels with distinct 
patterns of rigidity for the study of cell response to substrate rigidity in two and three 
dimensions. Macrophages seeded on top of PEGDA hydrogels with 66 kPa stiff areas 
and 8 kPa soft areas were preferentially located on stiffer areas after 24 or 48 hours (p < 
0.05). This difference in cell location was most likely due to increased adhesion and 
proliferation on stiff areas compared to soft. Although there were fewer total cells on 
substrates with lower ligand density, the proportion of cells on stiff areas was identical 
between gels with 1 mM and 3 mM PEG-RGDS after 48 hours. No work has previously 
been done looking at rigidity responses of macrophages on surfaces, and this study 
therefore presents a novel contribution to the field. 
In addition to their utility in studies of cell response to substrate rigidity in 2D, the 
hydrogels developed in this thesis can be used to encapsulate cells within areas of defined 
stiffness. Intrigued by work by Engler et al. (2006) and Rowlands et al. (2008) showing 
differences in the differentiation of MSCs seeded on substrates of different stiffnesses, 
and inspired by the difficulties associated with the engineering of complex organs, I 
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wanted to develop a system in which progenitor cell differentiation could be patterned in 
three dimensions using substrate stiffness. In this chapter, I showed differences in 
markers of differentiation between MSCs encapsulated in stiffer (-32 kPa) versus softer 
(~2 kPa) areas of the patterned gels. MYOD1, 03 -tubulin, and collagen II all had 
significantly higher expression in softer hydrogel areas. The fat markers PPARy2 and 
adiponectin also showed increased staining in softer areas, but these differences did not 
achieve statistical significance when data were grouped by distance from the hydrogel 
surface. Of the six markers analyzed, only RUNX2 showed no difference in expression 
between the two stiffnesses. Immunostaining was performed using protocols established 
in our lab, which have been successfully used to stain cells encapsulated within PEGDA 
matrices of varying molecular weight and concentration. However, the possibility that 
subtle differences in antibody molecular weight or hydrophobicity may affect diffusion of 
some antibodies within patterned sections of the hydrogels cannot be excluded. 
Although it is interesting to note the differences in marker expression between 
stiff and soft areas within patterned hydrogels, it is entirely possible that maximum 
marker expression would occur at a stiffness intermediate to those studied here, or at 
higher or lower moduli. Without individually testing a whole range of moduli, it is hard 
to predict the stiffness that will best inspire desired cell behavior. The use of a hydrogel 
with a gradient of rigidity allows for rapid screening of a whole range of stiffness within 
a single construct. In the next chapter, I will describe the development of just such a 
substrate. 
114 
CHAPTER 4: DEVELOPMENT OF PEGDA HYDROGELS WITH GRADIENT ELASTICITY 
4.1: INTRODUCTION 
In Chapter 3,1 described differences in the expression profiles of MSCs 
encapsulated within hydrogels with discrete patterns of rigidity. This type of hydrogel is 
ideal for studies in which the elastic moduli expected to promote desired cell activity are 
known. In cases where cell responses over a range of elastic moduli are desired, the use 
of many hydrogels with unpatterned or discrete patterns of rigidity may become tedious. 
In these instances, hydrogels with gradient rigidity would more quickly hone in on elastic 
moduli that promoted desired responses. 
The use of substrates with gradient physical or chemical properties is a common 
way to screen for cellular response over a wide range of conditions. Gradients have been 
used to study cell response to material porosity or pore size, wettability, surface 
roughness, stiffness, and concentration of surface cell-adhesive or bioactive factors 
(reviewed in Singh et al. 2008). Table 4-1 gives examples of some studies using 
gradients of bioactive factors, including the geometry in which cell behavior was studied 






















































































































































































































































































































































































































































































































































































































































Gradients have an additional benefit over substrates with uniform properties, in 
that they can be used to study directed cell behavior such as haptotaxis or durotaxis. In 
haptotaxis, cells migrate in response to spatial differences in the concentration of an 
immobilized adhesive ligand. Cell migration up gradients of immobilized RGDS has 
been well described (see, for example, DeLong et al. 2005, Harris et al. 2006, He et al. 
2010). In durotaxis, cells migrate in response to spatial differences in substrate stiffness. 
Durotaxis has been shown in fibroblasts (Lo et al. 2000, Gray et al. 2003) and vascular 
SMCs (Wong et al. 2003, Zaari et al. 2004). Durotaxis, in which the direction and 
magnitude of cellular migration is influenced by substrate elasticity, must be 
differentiated from durokinesis, in which cellular migration changes in response to 
substrate elasticity in a non-directional manner. Durokinesis has been demonstrated in 
fibroblasts (Pelham and Wang 1997, Ghosh et al. 2007), vascular SMCs (Wong et al. 
2003), and neutrophils (Oakes et al. 2009), all of which demonstrated decreased 
migration speed with increases in substrate stiffness. 
There are applications for both steep and shallow gradients in studying cell 
behavior. For example, Kloxin et al. (2010) wished to examine valvular interstitial cell 
activation in response to substrate elasticity without analysis being complicated by net 
migration of the cells in response to the gradient. This was accomplished through the use 
of a very shallow gradient with a -0.003 kPa/um variation in modulus, which was shown 
to induce no net cellular migration along the gradient (Kloxin et al. 2010). If this study 
had been intended to study durotaxis, the authors might have chosen to use a steeper 
gradient, in which modulus changed within a single cell length (Kloxin et al. 2010). The 
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gradients discussed in this chapter have a variation in modulus on the order of magnitude 
of those produced by Kloxin et al. 
A variety of methods have been developed for the production of polymeric 
substrates with gradient stiffness. These methods can be roughly divided into two 
categories: controlled mixing and photolithography. In substrates produced through 
controlled mixing, two or more polymer solutions are combined in a controlled manner 
and then immobilized to produce the gradient. The mixing may be performed through 
simple diffusion (Lo et al. 2000), combinations of pumping, diffusion, and evaporation 
(He et al. 2010), microfluidics (Burdick et al. 2004), or macrofluidics using 
commercially-available gradient makers, as described in this work (Nemir et al. 2010). 
Immobilization of the gradient is most commonly performed through 
photopolymerization (He et al. 2010, Burdick et al. 2004, Nemir et al. 2010). 
Photolithographic methods have made use of gradient-transparent photomasks (Wong et 
al. 2003, Zaari et al. 2004) or have controlled the duration of light exposure (Kloxin et al. 
2010). 
For greatest utility in studying cell behavior in response to substrate properties, 
gradient generation should be simple, reliable, and fast. The parameters of the gradient, 
such as the range of the property studied or the steepness of the gradient, should be 
readily adjustable without significant process alteration. The process should allow for 
gradient formation under sterile conditions or the resulting gradient should be readily 
sterilizable after generation. The length of the gradient should be sufficient to cover the 
desired range of gradient properties with the desired spatial resolution of conditions. 
That is, the gradient should not be so steep that a single cell is experiencing a wide range 
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of conditions along its spread area unless this is a measure of interest for the particular 
study. 
To date, studies of cell response to gradient substrate rigidity with independent 
control of substrate biochemistry have been limited to 2D. In this chapter, I will describe 
the development and characterization of PEGDA hydrogels with gradient elasticity, and 
in Chapter 5 I will demonstrate their utility in screening MSC differentiation in 3D over a 
wide range of rigidity. Large portions of this chapter were published as a research article 
in Biotechnology & Bioengineering (Nemir et al. 2010) and are used with permission. 
4.2: MATERIALS AND METHODS 
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 
4.2.1: SYNTHESIS AND CHARACTERIZATION OF PEGDA 
Poly(ethylene glycol) diacrylate (PEGDA) was prepared as described in Chapter 
2. Very briefly, 0.1 mmol/mL dry poly(ethylene glycol) (3.4, 20, or 35 kDa; Fluka, 
Milwaukee, WI) was combined with 0.4 mmol/mL acryloyl chloride and 0.2 mmol/mL 
triethylamine in anhydrous dichloromethane under argon, stirring overnight. The 
resulting PEGDA was washed with K2CO3 (EMD, Gibbstown, NJ), dried with anhydrous 
MgSC>4 (Fisher Scientific, Fair Lawn, NJ), and precipitated in diethyl ether (Fisher 
Scientific), then filtered and dried in vacuo. Proton nuclear magnetic resonance imaging 
(H-NMR) was used to confirm PEG acrylation. 
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4.2.2: SYNTHESIS AND CHARACTERIZATION OF ACRYLOYL-PEG-RGDS 
AND ACRYLOYL-PEG-TRYPTOPHAN 
Heterobifunctional acryloyl-PEG-SCM (Laysan Bio, Arab, AL) was combined 
with RGDS (American Peptide, Sunnyvale, CA) or L-tryptophan in a 1:1.2 molar ratio 
and diisopropylethylamine in a 1:2 molar ratio in anhydrous dimethyl sulfoxide and 
allowed to react under argon overnight. The solution was then dialyzed against ultrapure 
water using a 2000 MWCO regenerated cellulose dialysis membrane (Spectrum 
Laboratories, Rancho Dominguez, CA), lyophilized, and stored at -20 °C until use. 
Lots of PEG-SCM were prescreened for presence of the desired species using 
MALDI-TOF mass spectroscopy. Conjugation efficiency was determined using gel 
permeation chromatography (GPC) with an evaporative light scattering detector (Polymer 
Laboratories, Amherst, MA), and the amount of PEG-peptide used in each experiment 
was corrected for the degree of conjugation to assure the desired ligand concentration. 
4.2.3: PREPARATION OF PEGDA HYDROGELS WITH GRADIENT ELASTICITY 
Hydrogels with gradient elasticity were formed using a gradient maker (CBS 
Scientific Co., Del Mar, CA). The two reservoirs of the gradient maker contained 0.1 
g/mL PEGDA (3.4 and 20 kDa, respectively) in HEPES-buffered saline (HBS, pH 7.40) 
mixed with 10 uL/mL photoinitiator solution and then sterilized via filtration (0.22 um 
filter). Fluid flow between gradient reservoirs was controlled by a Teflon valve centered 
between the reservoirs and gradient outflow rate was controlled by a peristaltic pump. 
Mixing was maintained using a stir plate with a magnetic stir bar in each reservoir. The 
resulting polymer gradient was dripped into a rectangular glass mold and locked into 
place by crosslinking with long-wavelength UV light (365 nm, 10 mW/cm ) (Fig 4-1). 
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Figure 4-1: Schematic diagram of gradient hydrogel formation. Reservoirs of gradient maker are 
filled with solutions of PEGDA + photoinitiator. Fluid flow between reservoirs is controlled by a 
Teflon valve and gradient outflow is controlled by a peristaltic pump. Mixing is maintained using a 
stir plate with a magnetic stir bar in each reservoir. The resulting gradient is captured within a 
rectangular glass mold and crosslinked using long-wavelength UY light. 
Gradient hydrogels with matched swelling used for mechanical testing were synthesized 
as described above with the following modifications: the two reservoirs contained 0.17 
g/mL 3.4 kDa PEGDA and 0.035 g/mL 35 kDa PEGDA (respectively), and the polymer 
was dissolved in MSC growth media (Lonza). 
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4.2.4: CHARACTERIZATION OF HYDROGEL MECHANICAL PROPERTIES 
Tensile testing of gradient segments was performed using an Instron Model 3340 
materials testing device with a 10 N load cell (Norwood, MA) and Instron Series IX/s 
software was used for system control and data acquisition. Prior to mechanical testing, 
hydrogels with gradient elasticity were sliced into sequential 1-2 mm thick transverse 
sections along the length of the gradient. To evaluate uniformity of elasticity within each 
slice and to confirm a gradient of elastic modulus on one axis only, gradient hydrogels 
were sectioned as described, and then each section was divided into multiple specimens. 
For hydrogels with unmatched swelling, uniaxial strain was applied to rectangular 
specimens at a rate of 6 mm/min and the force-elongation data collected was used to 
calculate average elastic modulus, defined as the slope of the linear portion of the stress-
strain curve. A thin piece of balsa wood was attached to each end of each specimen using 
a cyanoacrylate-based adhesive, and this wood was gripped during testing. To evaluate 
consistency of gradient formation between hydrogels with unmatched swelling, multiple 
hydrogels with gradient elasticity were sectioned, then dogbone-shaped samples were 
removed from each slice using a metal punch, measured, glued to balsa wood, and 
subjected to mechanical testing as described above. 
For gradient hydrogels with matched swelling, each gradient slice was divided 
into multiple specimens using a circular punch. Each specimen was subjected to 
unconstrained uniaxial compression at a rate of 0.5 mm/min, and the force-elongation 
data collected was used to calculate average compressive modulus. Data from multiple 
hydrogels was pooled. Data analysis was performed in Microsoft Excel. 
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4.2.5: ANALYSIS OF HYDROGEL NETWORK STRUCTURE 
In addition to mechanical properties, changing the molecular weight or 
concentration of polymer in PEGDA hydrogels can change many other material 
properties of the crosslinked gels. One of the most critical of these is the degree of 
swelling, which can affect the concentration of ligand presented in bulk. Crosslink 
density, or distance between crosslinks, can affect the concentration of surface ligand and 
mesh size can affect nutrient and waste diffusion within the hydrogel. These parameters 
may be calculated using known polymer properties in combination with data from 
swelling studies as follows (Peppas et al. 2006): 
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Here Mc is the molecular weight between two adjacent crosslinks, Mn is the molecular 
weight of the polymer, v is the specific volume of the polymer (0.893 cm /g for bulk 
PEG (Cruise et al. 1998)), Vl is the molar volume of water (18 cm3/mol), and X\ is the 
polymer-solvent interaction parameter (0.426 for PEG in PBS (Merrill et al. 1993). V2 2,r 
and V2 s are the polymer volume fractions in the relaxed state (immediately after 
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^• = "*f'f- A (4.3) 
Ms+Md(o-l) 
Here MPEGDAo and Vwaterfi are the mass of polymer and volume of solvent in the original 
solution, andMd and Ms are masses of the fully dehydrated and fully swollen hydrogels, 
respectively. 
Mesh size, or linear distance between two adjacent crosslinks, is calculated using: 
{ = lv-2X(2CnMc/Mrf (4.4) 
In this equation, Mr is the molecular weight of the ethylene glycol repeat unit (44 
g/mol), Cn is the Flory characteristic ratio (4.0 for PEG (Merrill et al. 1993)), and / is the 
bond length (1.54 A). 
Hydrogels are, by nature, highly hydrated. The total water content of a swollen 
hydrogel can be calculated as the difference between fully swollen and fully dehydrated 
states. This value can then be divided by the swollen weight to give a measure of water 
content in the fully hydrated hydrogel. 
Water Content (%) = M*~Md xlOO (45) 
The degree of swelling can be calculated as a ratio of imbibed volume (difference in 
hydrogel volume immediately after crosslinking and after equilibrium swelling has been 
achieved) to the total swollen hydrogel volume. 
„._, Ms-Mx 
D.S. = '-—T^^T (4.6) 
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Here Mx is the mass of the hydrogel in the relaxed state, immediately after crosslinking. 
For studies of hydrogel network structure, 35 kDa PEGDA hydrogels were made 
in ultrapure water at concentrations of 0.04 to 0.1 g/mL. Because hydrogel swelling is 
known to decrease with polymer molecular weight and matched swelling was desired, 3.4 
kDa PEGDA hydrogels were made over a higher range of concentrations, 0.15 to 0.35 
g/mL. The hydrogels were crosslinked using long-wavelength UV light (3 minute 
exposure, 365 nm, 10 mW/cm ) with an acetophenone photoinitiator (2,2-dimethoxy-2-
phenylacetophenone, 300 mg/mL in N-vinylpyrrolidone) at 10 uL photoinitiator solution 
per mL polymer solution. The hydrogels were weighed immediately after crosslinking 
(Mx), then allowed to swell to equilibrium in ultrapure water and reweighed ( Ms). The 
hydrogels were frozen, lyophilized, and weighed again to determine dry weight (Md). 
4.2.6: EVALUATION OF LIGAND INCORPORATION INTO PEGDA HYDROGELS 
In order to perform cell studies with gradient-elastic hydrogels in which substrate 
mechanics and biochemistry can be independently controlled, it must be possible to form 
gradient hydrogels with a constant concentration of cell adhesive ligand throughout. In 
order to maintain a uniform concentration of PEG-RGDS along the length of the gradient, 
polymer concentrations were chosen to provide uniform swelling throughout the length 
of the hydrogel. Ligand could then be included in both base solutions at an identical 
concentration and incorporated into the bulk of the hydrogels. 
In a gradient with uniform swelling and bulk ligand, a difference in ligand density 
over the length of the gradient would depend only on efficiency of ligand incorporation. 
To confirm a uniform concentration of ligand over the length of the gradient, hydrogels 
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were formed using 0.035 g/mL 35 kDa PEGDA and 0.17 g/mL 3.4 kDa PEGDA in 
ultrapure water as the starting solutions, with 3 mM PEG-tryptophan and 10 uL/mL 
acetophenone (300 mg/mL in NVP) in each solution. These polymer concentrations were 
chosen as likely to give near-uniform swelling over the length of the hydrogel, based on 
swelling studies described in the previous section. The hydrogels (N=3) were then 
allowed to swell to equilibrium in several changes of ultrapure water. There was no 
noticeable difference in swelling along the length of the gradient in fully-swollen gels. 
The hydrogels were next divided into 1.5-2 mm segments perpendicular to the 
gradient, and each segment was lyophilized to dryness then placed in 0.1 N NaOH at a 
concentration of 0.0066 g dry hydrogel per mL NaOH solution and digested at 60 °C 
overnight. To assess the concentration of PEG-tryptophan in each gel segment, the 
absorbance of the digested gel solutions at 280 nm was determined using a Cary 50 BIO 
UV/Vis spectrophotometer (Varian Analytical Instruments, Walnut Creek, CA) and 
compared to a standard curve of PEG-tryptophan dissolved in a solution of 0.0066 g/mL 
35 kDa PEGDA in 0.1 N NaOH. PEGDA was included in the standard curve to correct 
for any background contribution from the polymer in the hydrogel samples. 
4.2.7: STATISTICAL ANALYSIS 
Results are reported as the mean ± standard deviation unless otherwise noted. The 
statistical significance was determined using a two-tailed Student's t-test when 
comparing two groups or ANOVA with Tukey post-hoc analysis when comparisons of 
multiple groups were required. Linear regression analysis and Pearson product moment 
correlation were performed on gradient hydrogel mechanical data. Differences were 
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considered significant for p < 0.05. Statistical analysis was performed using Microsoft 
Excel or Sigma Stat with Systat Software (San Jose, CA). 
4.3: RESULTS AND DISCUSSION 
4.3.1: CHARACTERIZATION OF HYDROGEL MECHANICAL PROPERTIES 
Hydrogels with gradient elasticity were made as described in materials and 
methods, sliced, and subjected to bulk tensile testing to evaluate their mechanical 
properties. Because I wished to create a gradient of elasticity on one axis only, the degree 
of variability within each slice of the gradient gel was of interest. To evaluate this, each 
slice from a single gradient hydrogel was divided into four specimens and subjected to 
tensile testing. The testing confirmed the formation of a gradient of elasticity (Fig 4-2, 
filled squares). Pearson's product moment correlation indicated a significant, negative 
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Figure 4-2: Variation in Gradient Hydrogel Elastic Modulus: Filled squares demonstrate variation 
in elastic modulus within a single gradient hydrogel. Gel was divided into ~lmm sections along the 
length of the hydrogel and each section was further subdivided into four segments for mechanical 
testing. Empty squares show variation in elastic modulus between gradient hydrogels (N=4). X-axis 
indicates distance from the stiff end of the gradient hydrogel for each slice tested. Pearson's product 
moment correlation: p < 1 x 10-30. 
Next, the degree of variability between multiple hydrogels made using the same 
protocol was assessed (Fig 4-2, empty squares). Again, Pearson's product moment 
correlation again indicated a significant, negative correlation with a p-value of 
3.129 x 10"31 and a correlation coefficient (r) of-0.974. Gradient hydrogels exhibited 
patterned swelling due to the gradient of mesh size formed during the crosslinking 
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Figure 4-3: Gradient hydrogel exhibits patterned swelling. 
Here, fluorescein is used to visualize gradient. 
4.3.2: ANALYSIS OF HYDROGEL NETWORK STRUCTURE 
The physical characteristics of PEGDA hydrogels have important implications for 
the studies discussed in this thesis work. As discussed in Chapter 1, the independent 
control of substrate mechanical and biochemical properties is essential in the study of cell 
response to substrate rigidity. By manipulating parameters such as polymer molecular 
weight and concentration, one can control multiple physical properties of the polymer 
network. These include hydrogel mechanical properties, as discussed in Chapter 2 for 
unpatterned and discretely-patterned hydrogels and in this chapter for gradient-elastic 
hydrogels. They also include parameters such as molecular weight between crosslinks, 
mesh size, and degree of swelling. M
 c and t, are related parameters, and both give a 
measure of distance between crosslinks in swollen hydrogels, M
 c in terms of the 
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molecular weight between adjacent crosslinks and ^ in terms of the linear distance. Since 
incorporation of acryloyl-PEG-ligand takes place at crosslinking sites, a measure of the 
distance between crosslinking sites can provide an estimate of the distance between 
adjacent ligands. As shown numerically in Table 4-2 and graphically in Figure 4-4, the 
distance between adjacent crosslinking sites decreases with increasing polymer 
concentration and increases with increasing polymer molecular weight. 
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* X\' t n e polymer-solvent interaction parameter, is known to be relatively constant over a range of Ms 
values from 0.04-0.20 (Merrill et al. 1993). These hydrogels had Ms values less than 0.04; the calculated 
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Figure 4-4: Hydrogel mesh size, or linear distance between crosslinks, decreases with 
increasing polymer concentration and increases with increasing polymer molecular weight. 
The difference in mesh size with polymer concentration is much more striking in the higher 
molecular weight polymer (35 kDa, squares) than in the lower molecular weight polymer 
(3.4 kDa, circles). 
The degree of swelling after hydrogel formation is another significant parameter 
for hydrogel design. The patterned swelling apparent in the hydrogel in Figure 4-3, for 
example, can significantly affect the concentration of bulk ligand along the length of the 
hydrogel in the swollen state. In order to avoid this problem, I wished to choose polymer 
concentrations for cell studies that would produce a gradient with uniform swelling. 
Degree of swelling increases with both polymer molecular weight and concentration (Fig 
4-5), therefore matched swelling required use of a relatively low concentration of the 
higher molecular weight, 35 kDa polymer and a relatively high concentration of the low 
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Figure 4-5: Degree of swelling (defined in Eqn 4.6 as the ratio of imbibed water to swollen hydrogel 
volume) increases with both polymer molecular weight and concentration in solution. 35 kDa 
PEGDA (squares), 3.4 kDa PEGDA (circles). 
The switch from 20 kDa to 35 kDa PEGDA was driven by a problem with batch-
to-batch variation in PEG purchased from Fluka. In order to produce hydrogels with 
consistently low elastic moduli, it became necessary to switch to a higher molecular 
weight polymer. Because I was particularly interested in cellular behavior on hydrogels 
with low elastic moduli (< 10 kPa), I chose to move forward using the lowest 
concentration of 35 kDa polymer that consistently produced crosslinked hydrogels: 
0.035 g/mL. Interpolating within the data for 3.4 kDa hydrogels, I chose 0.17 g/mL 3.4 
kDa PEGDA as a formulation likely to provide closely matched swelling. This was 
confirmed experimentally; gradient hydrogels made with 0.035 g/mL 35 kDa PEGDA 
and 0.17 g/mL 3.4 kDa PEGDA had very uniform swelling over the gradient length. 
4.3.3: MECHANICAL PROPERTIES OF GRADIENT PEGDA HYDROGELS 
WITH MATCHED SWELLING 
Because changes in polymer molecular weight and concentration strongly affect 
hydrogel mechanical properties, hydrogels with matched swelling were subjected to 
mechanical testing. The hydrogels made using these altered polymer formulations had 
unusual mechanical gradients. Rather than the smooth, monotonic gradient produced in 
hydrogels with unmatched swelling, these gels began relatively stiff (>60 kPa), slowly 
decreased in stiffness over the first third of the gradient to -16 kPa, then rapidly stiffened 
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Figure 4-6: Compressive moduli as a function of distance along gradient for hydrogels with matched 
swelling. Though there were some differences in specific values, this profile was consistent between 
multiple hydrogels. 
This profile was consistent between all hydrogels produced using PEGDA 
dissolved in media rather than buffer. The reason for the change in gradient profile is 
unclear. One possibility is that chromophores in the media may preferentially absorb 
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light, altering the timing of free radical formation from the photoinitiator. This is an area 
that deserves future study. 
4.3.3: EVALUATION OF LIGAND INCORPORATION INTO PEGDA HYDROGELS 
Although matching hydrogel swelling was expected to eliminate variation in 
ligand concentration over the length of the hydrogel, there remained the possibility that 
differences in ligand incorporation would remain due to differences in crosslink density. 
While this was not expected to be a problem at the low, non-saturating concentrations of 
ligand used in this thesis work, I wished to confirm the ligand concentration 
experimentally. Acryloyl-PEG-tryptophan was chosen as a model ligand for this study 
due to its strong absorbance at 280 nm, which made its quantification possible using 
spectrophotometry. A ligand concentration of 3 mM was chosen to match the highest 
concentration of PEG-RGDS used in this thesis work. Because the hydrogel segments 
were sliced by hand and therefore had a degree of variability in thickness that made 
grouping slices from different hydrogels challenging, samples were binned by distance 
along the hydrogel. There was no significant trend in tryptophan concentration over the 
length of the hydrogels, indicating fairly uniform peptide distribution along the entire 
gradient (Fig 4-7). This allows independent control over biochemical and biomechanical 
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Figure 4-7: PEG-tryptophan concentration did not show any significant trend over the length 
of the gradient hydrogels (N = 3 hydrogels, 3-10 slices/bin), indicating fairly uniform peptide 
distribution over the length of the hydrogel. 
4.4: CONCLUSIONS 
Using controlled mixing of PEGDA of varying polymer chain length, I am able to 
repeatably and controllably produce substrates with a defined gradient of elasticity. 
Although hydrogels prepared in media do not have the smooth gradient of elasticity of 
those prepared in buffer, they remain good candidates for the study of cell response to 
substrate rigidity due to the wide range of elastic moduli produced, their excellent 
biocompatibility, and the potential for encapsulating cells within the polymer matrix. 
These hydrogels allow independent control of biochemical and mechanical factors and 
may be used to study cell response to substrate rigidity in both two and three dimensions. 
As such, they offer a distinct advantage over mechanically-patterned substrates 
developed to date. 
Hydrogels with gradient elasticity allow the rapid screening of the effect of an 
entire range of moduli on cellular behavior and may reveal changes in cellular behavior 
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that might be missed when substrates with discrete elastic moduli are used. In addition to 
their applications in the study of cell response to substrate rigidity, these hydrogels also 
offer the potential for use as a tissue engineering scaffold, where spatial patterning of 
stiffness might be desired for compliance-matching with native tissues. Gradient 
hydrogels, for example, might be used in applications such as tendons, where stiffness 
changes dramatically between the muscular and bony insertions. 
In the following chapter, I will describe the use of gradient-elastic hydrogels for 
analyzing cellular behavior. 
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CHAPTER 5: CELL RESPONSES TO SUBSTRATES 
WITH GRADIENT ELASTICITY 
5.1: INTRODUCTION 
In Chapter 4,1 described the development and characterization of PEGDA 
hydrogels with gradient elasticity. When one considers the structure of tissues in the 
human body, there are a variety of applications in which gradients of elastic moduli 
occur. Here I will discuss two applications in the musculoskeletal system in which 
hydrogels with gradient elasticity might appropriately be used. 
Tissues of the musculoskeletal system undergo significant mechanical loading as 
part of their normal function in the body. Different components of the musculoskeletal 
system behave differently in response to loading. Tendon, for example, has great 
resistance to tensile loading (E ~ 200 MPa) but buckles in response to compressive 
loading, whereas bone has excellent resistance to both tensile and compressive loading 
with E ~ 20 GPa (Thomopoulos et al. 2010). The interface between tendon and bone has 
great potential for stress concentrations due to the difference in stiffness between the two 
materials (Thomopolous et al. 2010). The loss of a functional tendon-to-bone interface 
has been implicated in the high failure rate of tendon repair procedures (Yoo et al. 2009, 
Thomopoulos et al. 2010). In order to effectively transfer mechanical stresses between 
tendon and bone, the interface (also known as the tendon-to-bone insertion or the 
enthesis) has a gradation of mechanical, structural, and biochemical properties 
(Thomopoulos et al. 2003), and it is likely that a successful tissue engineered construct 
used in tendon repair would need to share some or all of those properties. 
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The tendon-to-bone insertion is classically divided into four zones. The first zone 
is essentially tendon and the fourth is essentially bone, with the remaining two, 
fibrocartilage and mineralized fibrocartilage, forming a continuum in between (reviewed 
in Thomopoulos et al. 2010). Highly aligned collagen type I predominates in the first 
zone, along with small amounts of decorin and biglycan. The transition to fibrocartilage 
is marked by an increase in collagen types II and III, along with small amounts of 
decorin, aggrecan, and collagen types I, IX, and X. Mineralization begins to appear in 
the third zone, along with significant amounts of aggrecan and collagen types II and X, 
and the fourth zone is composed mainly of highly mineralized collagen I. 
The gradation in tissue properties seen in the tendon-to-bone insertion has been 
compared to the epiphyseal growth plate (Thomopoulos et a. 2010), which is the site of 
long bone growth during childhood. Like the enthesis, the epiphyseal plate has 
classically been divided into zones (Junqueira and Carneiro, 2003). The zone furthest 
from the diaphysis, or body of the bone, is known as the resting zone (Junqueira and 
Carneiro, 2003). It consists of hyaline cartilage with small, morphologically static cells. 
The next layer is known as the proliferative zone, and is characterized by rapidly dividing 
chondrocytes forming longitudinal stacks of cells (Junqueira and Carneiro, 2003). Zone 
three is formed of hypertrophic cartilage, with large cells and little extracellular matrix 
(Junqueira and Carneiro, 2003). The cells then die, and the remaining matrix becomes 
calcified through the accumulation of hydroxyapatite to form the calcified zone 
(Junqueira and Carneiro, 2003). In the deepest, ossification zone, the matrix is invaded 
by osteoprogenitor cells derived from the periosteum (Junqueira and Carneiro, 2003). 
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These cells differentiate into osteoblasts and lay down bone matrix on the provisional 
matrix left behind by the chondrocytes (Junqueira and Carneiro, 2003). 
Although the epiphyseal plate is described as being composed of zones, the layers 
are not entirely histologically distinct. As the bone continues to grow, the ossification 
zone becomes bone, the calcified cartilage zone becomes ossified, and the chondrocytes 
in the proliferative zone continue to proliferate. A tissue engineered construct providing 
a gradient of mechanical properties from the cartilage to the bone may most closely 
mimic native tissue mechanics. Engineering of the epiphyseal plate has no particular use 
in adults whose bone growth is complete but is of critical importance in pediatric 
orthopedics, where epiphyseal injury can lead to premature closing of the growth plate 
and cessation of growth. One meta-analysis of distal femoral growth plate fracture found 
that over half of these patients had a growth disturbance resulting in a leg length 
discrepancy > 1.5 cm and/or a varus or valgus deformity of 5 degrees or more (Basener et 
al. 2009). It is possible that early intervention with a tissue-engineered construct in these 
patients might significantly decrease that complication rate. 
In addition to the similar gradation in tissue properties I have just described, the 
epiphyseal plate and the tendon-to-bone insertion are marked by changes in cell type and 
morphology within a single tissue. In order to engineer one of these tissues using fully 
differentiated cells, one would have to harvest cells from multiple sites, grow the cells up 
separately, and combine them in a spatially controlled manner within a construct. 
However, as discussed in Chapter 3, chondrocytes, tenocytes, fibroblasts, and osteoblasts 
share a common progenitor cell source, the mesenchymal stem cell. Because of this 
shared lineage, it may be possible to seed a construct uniformly with a single cell source 
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(MSCs) and to use the properties of the construct to guide cellular differentiation down 
the lineage(s) of interest. In this chapter, I will describe the use of hydrogels with 
gradient rigidity to influence MSC differentiation in 3D culture. Ultimately, the 
hydrogels discussed in this chapter may prove valuable for tissue engineering 
applications such as those described above. 
5.2: MATERIALS AND METHODS 
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 
PEGDA and PEG-RGDS were synthesized as described in Chapter 2. 
5.2.1: PREPARATION OF HYDROGELS WITH GRADIENT ELASTICITY 
Hydrogels with gradient elasticity used in MSC studies were formed as described 
in Chapter 4, with the following modifications. The two reservoirs of the gradient maker 
contained 0.035 g/mL 35 kDa PEGDA and 0.17 g/mL 3.4 kDa PEGDA (respectively) in 
MSCGM mixed with 3 mM acryloyl-PEG-RGDS and 10 uL/mL acetophenone solution 
(300 mg/mL in NVP). Solutions were sterilized via filtration with a 0.22 micron syringe 
filter. MSCs were suspended in each solution at 1 x 106 cells/mL just prior to gradient 
formation. Hydrogels were removed from molds immediately after crosslinking and 
sliced into ~2 mm thick slices parallel to the gradient axis, then placed in media and 
cultured at 37 °C and 5% CO2. All hydrogels used for cell studies were made and 
maintained under sterile conditions. 
5.2.2: CELL MAINTENANCE 
Human MSCs (hMSCs, Lonza) were cultured in MSCGM (MSC basal media 
with 10% v/v mesenchymal cell growth supplement, 2% v/v L-glutamine, and 0.1% 
antibiotic solution containing gentamicin sulfate and amphotericin-B (Lonza) at 37 °C 
and 5% CO2. Media was changed every 2-3 days and cells were passaged at -80% 
confluence. All cells were used at passages 3-6. 
5.2.3: CELL STAINING 
For studies of MSC differentiation, hydrogels were removed from culture after 1 
week, fixed in 4% formaldehyde (Fisher Scientific, Fair Lawn, NJ) for 1 hr, 
permeabilized with 0.5% Triton X for 1.5 hr, blocked with 3% v/v donkey serum in PBS 
for 1.5 hr, and stained for a variety of markers of MSC differentiation. Five lineages 
were assessed: neurogenesis, myogenesis, osteogenesis, chondrogenesis, and 
adipogenesis. As in Chapter 3, neurogenesis was assessed using mouse-anti-p3-tubulin 
(Sigma), adipogenesis was assessed using rabbit-anti-PPARy2 (Abeam), myogenesis was 
assessed using mouse-anti-MyoDl (Sigma), osteogenesis was assessed using rabbit-anti-
RUNX2 (Abeam), and chondrogenesis was assessed using mouse-anti-collagen II 
(Invitrogen). Hydrogels were incubated with primary antibodies at 4 °C overnight then 
rinsed with 5 washes of PBS on a rocker table at room temperature. Hydrogels were 
next incubated with fluorescently-labeled secondary antibodies (Alexa Fluor 647 donkey-
anti-mouse, Alexa Fluor 555 donkey-anti-goat, and Alexa Fluor 488 donkey-anti-rabbit) 
diluted 1:100 in 0.1% w/v bovine serum albumin in PBS at 4 °C overnight, then were 
washed with 5 changes of PBS on a rocker table at room temperature. In order to 
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confirm a uniform cell concentration over both the length of the gradient and with depth 
from the hydrogel surface, cell nuclei were stained with DAPI (300 nM 4',6-diamidino-2-
phenylindole in ultrapure water, Sigma) and cells were counted as a function of location 
within the hydrogel. 
Stained hydrogels were imaged using a Zeiss LSM 510 (Carl Zeiss, Inc., 
Thornwood, NY) with 488, 543, and 633 nm lasers and a META detector. Images were 
acquired using LSM 510 software and image analysis was performed using Adobe 
Photoshop and Image J (NIH, Bethesda, MD). 210 urn thick Z-stacks (step size 3 um) 
were taken along the length of each gradient starting at the extreme soft end, which was 
labeled position 1. As in Chapter 3, images are false-colored according to the target of 
the antibody. Therefore, p3-tubulin appears purple, MYOD1 red, RUNX2 blue, collagen 
II white, and PPARy2 yellow. 
5.2.4: IMAGE ANALYSIS 
Z-stacks of hydrogels with encapsulated MSCs were split into separate channels, 
each of which was then compressed into a series of 30 micron deep z-projections. Every 
sixth z-stack was analyzed, starting with position 2 and continuing down the length of the 
hydrogel to the stiff end (position 50), giving a total of 9 groups. Each channel was 
thresholded using identical parameters for each image, and converted to masks. Cells 
positive for each marker were counted using the "Analyze Particles" function within 
ImageJ (NIH, Bethesda, MD). Particles less than 7 pixels in size were excluded, as this 
level was determined to remove occasional random noise left after thresholding without 
excluding cell nuclei, and particles on edges were excluded. 
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5.2.5: STATISTICAL ANALYSIS 
Results are reported as the mean ± standard deviation unless otherwise noted. The 
statistical significance was determined using one or two-factor ANOVA as appropriate, 
with Holm-Sidak post-hoc analysis. Differences were considered significant for p < 0.05. 
Statistical analysis was performed using Microsoft Excel or SigmaPlot (Systat Software, 
San Jose, CA). 
5.3: RESULTS 
5.3.1: MESENCHYMAL STEM CELL DIFFERENTIATION 
In Chapter 3,1 showed differences in MSC differentiation in response to substrate 
stiffness using PEGDA hydrogels with distinct patterns of rigidity. One limitation of 
such a system for studying cell response to substrate rigidity is that it is impossible to 
know what cellular behaviors would occur in substrates of higher, lower, or intermediate 
moduli without making separate hydrogels targeting those stiffnesses. A solution is to 
test cell responses using a hydrogel with a gradient of elasticity covering the range of 
moduli of interest. 
In this study, MSCs were encapsulated in hydrogels with gradient rigidity and 
cultured for one week, then stained for markers of differentiation. Staining was analyzed 
as a function of position along the gradient and distance from the hydrogel surface. As 
discussed in Chapter 3, changes in mesh size that accompany changes in hydrogel 
mechanical properties can themselves influence cellular behavior by altering the 
concentrations of nutrients available to encapsulated cells. This effect would be expected 
to increase with distance from the hydrogel surface. Thus changes in marker expression 
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with depth from the hydrogel surface can reasonably be attributed to differences in mesh 
size, while differences in expression with location along the gradient can more 
reasonably be attributed to effects of substrate stiffness. 
In Chapter 3,1 found significantly greater staining for the myogenic marker 
MYOD1 in MSCs in soft (~2 kPa) areas of the patterned hydrogels than in those in stiff 
areas. The osteogenic marker RUNX2, by contrast, showed no preferential staining 
between cells in stiff and soft areas. In cells encapsulated in gradient-elastic gels, 
MYOD1 and RUNX2 showed very similar staining patterns to one another (Figs 5-1,5-
2). Analysis of variance found no significant interaction between position in the gradient 
and distance from surface, nor was there a significant difference in MYOD1 expression 
with distance from the hydrogel surface. RUNX2 did show a significant difference in 
staining between cells located 150-180 microns from the surface and those 30-60 microns 
from the surface, but no other significant differences with depth. 
When data was pooled by gradient position, there were multiple significant 
pairwise differences in both MYOD1 and RUNX2 expression with position along the 
gradient. Figures 5-1 and 5-2 show differences in cell staining for MYOD1 and RUNX2, 
respectively, as a function of position along the gradient gel and distance from the 
hydrogel surface. Data are presented as stacked bars, with each bar in a stack 
corresponding to a z-section of the hydrogel (0-30 microns from surface, 60-90 microns 
from surface, etc.) To aid in interpretation of the data, each position along the gradient is 
color coded, with asterisks above each stacked bar indicating the p-value for a 
comparison between that stacked bar and the stacked bar at the gradient position of 
matching color (* p < 0.001, **p<0.01,***p< 0.05). For example, the blue asterisk 
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above gradient position 2 in Figure 5-1 indicates a significant difference in MYOD1 
staining between cells at position 2 and those at the blue position 8, with p < 0.001. 
Individually, a distinct peak in the expression of any marker within a gradient-
elastic hydrogel would be a thrilling result. It would demonstrate the utility of these 
hydrogels in screening for desired cellular behavior and would yield valuable information 
about the cell's response to the substrate. The high degree of overlap between peak 
expression for MYOD1 and RUNX2, however, is somewhat troubling, since these two 
markers have previously been shown to have maximum expression at very distinct elastic 
moduli (Engler et al. 2006, Rowlands et al. 2008). It is possible that these data represent 
a real phenomenon. Perhaps, for example, RUNX2 has maximum expression around 
position 16 and MYOD1 is maximized around position 12, but these subtle distinctions 
are lost in the selection of images analyzed. In order to assess this, a more detailed 
analysis of all images near position 14 was performed. As shown in Figure 5-3, neither 
MYOD1 nor RUNX2 had a clear peak in expression within the range around position 14 
when all images between positions 8 and 20 were analyzed. 
If one considers the mechanical testing data for this hydrogel formulation, it 
appears likely that the peak expression observed in this hydrogel is taking place in the 
softest part of the gradient (E ~ 16 kPa). It is possible that both MYOD1 and RUNX2 
have peaks in this range. In order to better assess the expression of these two markers in 
this intermediate range, it would be useful to produce hydrogels with discrete rigidities 
comparing expression at ~16 kPa to that at ~30 and ~2. Alternatively, one could 
manufacture a gradient-elastic hydrogel covering only this range of elastic moduli, in 
effect "zooming in" around the area of interest. Of note, cell concentration was fairly 
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uniform over the length of the gradient and with distance from the hydrogel surfaces, so 
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Figure 5-3: Neither MYOD1 (A) nor RUNX2 (B) has a distinct peak in expression around gradient 
position 14 when all images in the region are analyzed. 
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In Chapter 3, 03 -tubulin expression was found to be significantly different 
between soft and stiff areas of patterned hydrogels, with significantly higher staining in 
softer hydrogel regions. This was consistent with previous findings of greatest 03-tubulin 
expression on 0.1-1 kPa hydrogels (Engler et al. 2006). 03-tubulin expression was 
minimally affected by hydrogel stiffness over the range of stiffness covered by this 
gradient study (Fig 5-4), with the only significant difference occurring between staining 
in cells at position 20 compared to those at position 32 (p < 0.01). The lack of a 
significant stiffness response may indicate that the gradient-elastic hydrogel used in this 
study did not cover a soft enough range of rigidity for significant differences in 03-
tubulin expression to be evident. As with MYOD1 staining, 03-tubulin expression did 
not vary significantly with distance from the hydrogel surface, nor was there any 
significant interaction between depth and position. 
Position in Gradient 
Figure 5-4: MSCs encapsulated within PEGDA hydrogels with gradient rigidity were stained for |J3-
tubulin, a marker of neurogenesis, after 1 week in culture. Stacked bars show cell numbers from 
different z-positions (white bars: 0-30 um from surface, light gray: 60-90 urn, dark gray: 120-150 um, 
black: 180-210 um). Gel stiffness increases with increasing position number. Data was analyzed 
using a two-factor ANOVA followed by Holm-Sidak pairwise multiple comparison post-hoc analysis. 
There was a significant difference in p\3-tubulin staining between cells at position 20 and those at 
position 32 when data from all depths was pooled (** p < 0.01). There was no significant difference 
in expression with distance from the hydrogel surface. Error bars are S.E.M. 
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Collagen II, a marker of chondrogenic differentiation, was also shown in Chapter 
3 to have increased expression in softer areas of patterned hydrogels. Consistent with 
what was seen in hydrogels with distinct patterns of rigidity, MSCs encapsulated in 
gradient-elastic hydrogels did not show a strong difference in collagen II expression with 
distance from the hydrogel surface, nor was there any significant interaction between 
position within the gradient hydrogel and distance form its surface. Although the number 
of cells staining positive for collagen II was significantly different between positions 8 
and 26, there was no clear pattern in collagen II staining with position in the hydrogel 
(Fig 5-5). 
2 8 14 20 26 32 38 44 50 
Position in Gradient 
Figure 5-5: MSCs encapsulated within PEGDA hydrogels with gradient rigidity and stained for 
collagen II, a marker of chondrogenesis, after 1 week in culture. Stacked bars show cell numbers 
from different z-positions (white bars: 0-30 urn from surface, light gray: 60-90 urn, dark gray: 120-
150 um, black: 180-210 urn). Gel stiffness increases with increasing position number. Data was 
analyzed using a two-factor ANOVA followed by Holm-Sidak pairwise multiple comparison post-hoc 
analysis. There was a significant difference in collagen II staining between cells at position S and 
those at position 26 when data from all depths was pooled (* p < 0.001). There was no significant 
difference in expression with distance from the hydrogel surface. Error bars are S.E.M. 
The fat marker PPARy2 showed some increased staining in softer areas of 
hydrogels with discrete patterns of rigidity, as discussed in Chapter 3, though the 
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difference did not reach statistical significance for unpooled data. In gradient-elastic 
hydrogels, PPARy2 exhibited some increased staining at position 14 when compared to 
cells in both softer and stiffer areas of the hydrogel (Fig 5-6), but the functional 
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Figure 5-6: MSCs encapsulated within PEGDA hydrogels with gradient rigidity and stained for 
PPARy2, a marker of adipogenesis, after 1 week in culture. Stacked bars show cell numbers from 
different z-positions (white bars: 0-30 urn from surface, light gray: 60-90 um, dark gray: 120-150 urn, 
black: 180-210 urn). Gel stiffness increases with increasing position number. Data was analyzed 
using a two-factor ANOVA followed by Holm-Sidak pairwise multiple comparison post-hoc analysis. 
There was a significant difference in PPARy2 staining between cells at position 14 and those at 
positions 2,44, and 50 when data from all depths was pooled (* p < 0.001, ** p < 0.01, *** p < 0.05). 
There was no significant difference in expression with distance from the hydrogel surface. Error 
bars are S.E.M. 
5.4: CONCLUSIONS 
In this chapter, I demonstrated the use of PEGDA hydrogels with gradient 
elasticity as tools for the study of cell response to substrate rigidity in 3D and found peak 
expression of multiple cell markers in the softest region of the gradient gels. Though this 
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work is very preliminary, it indicates a range of rigidity that may be of interest for further 
study in the differentiation of MSCs in response to substrate rigidity. 
By encapsulating cells within a gradient-elastic substrate, one can quickly screen 
for desired cellular behaviors over a wide range of physiologically-relevant moduli. In 
addition to providing a more relevant geometry in which to study cellular behavior, cell 
encapsulation within gradient-elastic hydrogels immobilizes the cells and prevents 
cellular migration from complicating the analysis of other cell behaviors. 
153 
CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 
6.1: THESIS SUMMARY 
In this thesis, I described the development and characterization of poly(ethylene 
glycol) diacrylate hydrogels with elasticity patterned in discrete areas and gradients. I 
also described the use of these hydrogels to study macrophage and mesenchymal stem 
cell responses to substrate rigidity in two and three dimensions (respectively). 
Hydrogels with elasticity patterned in stripes were shown to demonstrate 
anisotropy and patterned strain under loading. The hydrogels showed a higher effective 
modulus when strained in a direction parallel to the patterned stripes than when strained 
perpendicular to the stripe direction (p < 0.02). By dyeing stiff areas of patterned 
hydrogels using cresyl violet acetate and imaging these dyed gels during mechanical 
testing, I was able to show significant differences in the strain experienced by soft and 
stiff stripes during loading (p < 0.0002). To ensure that differences in mechanical 
properties were detectable at a cellular level, patterned rigidity was also shown using 
atomic force microscopy (p < 0.02). 
Next, I demonstrated the utility of hydrogels with discrete patterns of elasticity in 
influencing the behavior of RAW 264.7 murine macrophages seeded on the gel surfaces 
(2D culture). After 24 hours of culture, there were significantly more cells located on 
stiff (66 kPa) areas than on adjacent soft (8 kPa) ones (p<0.01). This difference was even 
greater after 48 hours of culture, at which point 86% of cells were found on stiff areas (p 
< 0.01). The difference in cell location was maintained when PEG-RGDS concentration 
was reduced from 3 mM to 1 mM. Although the total number of cells on gels with 1 mM 
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PEG-RGDS was lower than on 3 mM gels, again 86% of cells were found on stiff areas 
after 48 hours (p < 0.05). 
There were four possible explanations for the differences in cell number between 
soft and stiff hydrogel areas. Cells might exhibit increased adhesion to stiffer areas, 
increased proliferation on stiffer areas, increased apoptosis on softer areas, or migration 
from soft areas to stiff ones. By comparing images taken at 4, 24, and 48 hours, I 
determined that cellular migration and apoptosis, while perhaps playing a role, were not 
major factors causing differential adhesion to soft and stiff areas. Differences in initial 
adhesion were apparent, and macrophages on stiff areas had a higher rate of proliferation 
than those on soft areas. 
Having demonstrated the ability of hydrogels with distinct patterns of rigidity to 
guide cellular behavior in 2D, I next examined differentiation of MSCs encapsulated 
within PEGDA hydrogels with discrete patterns of elasticity (3D culture). After one 
week of culture, MSCs showed significantly greater staining for the myogenic marker 
MYOD1, the neurogenic marker P3-tubulin, and the chondrogenic marker collagen II 
within soft (~2 kPa) areas of the hydrogels compared to stiff (-32 kPa) areas. The fat 
markers adiponectin and PPARy2 had significantly greater expression in soft areas than 
stiff when data was pooled, but these differences lost significance when grouped by 
distance from the hydrogel surface. The bone marker RUNX2 showed no significant 
differences in staining between soft and stiff areas. 
The use of PEGDA hydrogels with patterned rigidity to study cell response to 
substrate rigidity in 3D is limited by changes in mesh size that accompany alterations in 
hydrogel stiffness. To assess the relative contributions of mesh size and hydrogel 
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stiffness on MSC differentiation, marker expression was analyzed both as a function of 
location within the pattern (stiff vs. soft) and as a function of distance from the hydrogel 
surface (depth). Because any difference in nutrient and waste transport resulting from a 
difference in mesh size would be related to the distance from the hydrogel surface, any 
differences in expression with depth were attributed to differences in mesh size, whereas 
differences that were independent of depth were considered likely due to stiffness effects. 
Of the markers studied, only MYOD1 had a statistically significant difference in 
staining as a function of depth, with increased staining in soft areas with distance from 
the surface. Possible reasons for this include sequestering of cell-secreted growth factors 
within the depths of the hydrogel, increased marker expression in response to nutrient 
deficiency or waste product build-up, or shelter from media factors that might prevent 
differentiation. 
One limitation to the use of substrates with discrete patterns of elasticity for 
studying cell responses to substrate rigidity is that one can easily miss interesting cell 
behaviors that would occur in, for example, substrates of intermediate stiffness. 
Screening a wide range of elastic moduli using substrates of uniform rigidity, or even 
substrates with distinct patterns of rigidity, can be time consuming. Gradient elastic 
hydrogels overcome this limitation by allowing researchers to observe cellular responses 
over a wide range of substrate stiffness. 
In this thesis work, I developed a technique for rapidly producing hydrogels with 
gradient elasticity over physiologically relevant ranges of stiffness. By matching 
swelling along the length of the gradient, a uniform ligand concentration can be 
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maintained regardless of position within the gradient. The technique also allows for the 
encapsulation and culture of cells within the hydrogel meshwork. 
In Chapter 5,1 revealed significant differences in expression of MYOD1, 
RUNX2, and PPARy2 as a function of position within gradient hydrogels. Unexpectedly, 
all three markers showed greatest expression in the same region of the gradient, 
suggesting that the slope of my gradient may not be shallow enough to resolve 
differences between these markers. The exact cause of the overlap between expression of 
these three markers is a question worthy of future attention. 
6.2: FUTURE DIRECTIONS 
The field of cell response to substrate rigidity is an exciting one, with almost 
unlimited potential for growth. The substrates developed and tested in this thesis work 
should prove valuable tools in this expanding field, and will likely open up new areas for 
study. In the next few pages I will describe some possible areas in which I believe these 
substrates will prove particularly useful. 
As mentioned in Chapter 3, both substrate rigidity and the degree of cell 
spreading have been shown to influence MSC differentiation (McBeath et al. 2004, 
Engler et al. 2006, Rowlands et al. 2008). However, cell spreading has itself been shown 
to depend on substrate rigidity for a variety of cell types (see, for example, Pelham and 
Wang 1997, Peyton et al. 2006, Engler et al. 2008). The question, then, is whether 
substrate stiffness affects differentiation solely by governing the degree of cell spreading 
or whether it might act on cells through another mechanism. The fact that cells 
encapsulated within PEGDA hydrogels with patterned rigidity showed differences in 
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marker expression despite being spreading-restricted suggests that this other mechanism 
might exist. To assess the relative contributions of cell spreading and substrate rigidity 
on MSC differentiation, one might combine substrate rigidity and ligand patterning 
techniques to produce different combinations of stiffness and area available for cell 
spreading. 
Theoretically, one would see the greatest degree of differentiation down a 
particular lineage when cell spreading and substrate rigidity were able to act in synergy to 
promote a particular phenotype and the least when spreading and rigidity were both 
working in synergy against that phenotype. For example, osteogenesis has been seen in 
response to stiff substrates and substrates which allow for a great deal of cell spreading 
(large adhesive islands) (Engler et al., 2006, McBeath et al. 2004). Thus one would 
expect to see good osteogenesis on stiff substrates with large adhesive islands and poor 
osteogenesis on soft substrates with small adhesive islands. The most interesting 
information would come from combinations in which cell spreading and substrate rigidity 
were sending competing messages: large adhesive islands on soft substrates or small 
adhesive islands on stiff substrates. These studies are currently ongoing in our laboratory 
with some initial success. 
Another area worthy of attention is cellular response to competiting haptotactic 
and durotactic signals. The methods described in this thesis for producing gradient-
elastic hydrogels also allow for the production of synergistic or competing gradients of 
bioactive factors, simply by adding the factor to one or both of the gradient reservoirs. 
Responses to durotactic and/or haptotactic signals could also be studied in 3D with the 
inclusion of biodegradable sequences within the hydrogel network. Cells within the 
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hydrogel could degrade portions of their surrounding matrix through secretion of matrix 
metalloproteinases and could migrate in response to signals received from the hydrogel. 
Perhaps most excitingly, the substrates developed in this thesis work are an 
important step in creating tissue engineered constructs with complex geometry. The 
ability to guide progenitor cell differentiation in 3D using substrate rigidity bypasses 
some of the difficulties associated with spatial immobilization of soluble factors most 
commonly used to guide differentiation. In addition, Engler et al. showed some 
substrate-driven MSC lineage commitment after only a few weeks of culture on 
polyacrylamide gels, with additional differentiation in response to added synergistic 
factors but no transdifferentiation in response to competing factors. These finding 
suggest that it might be possible to seed a construct uniformly with MSCs, pattern 
rigidity in the desired geometry, preculture in basic growth media for a few weeks to 
allow lineage commitment to occur in response to substate rigidity, and then add to the 
media soluble factors for all lineages of interest without worrying about 
transdifferentiation. 
Although it is unlikely that substrate rigidity alone will prove the key to inducing 
full MSC differentiation, a better understanding of the role of substrate rigidity in guiding 
cellular behavior should prove to be a powerful tool for use in tissue engineering 
strategies. Tissue engineering has been described as encompassing dual roles: the 
investigation of cell and tissue structure-function relationships and the development of 
materials for the treatment of injury and disease. The hydrogel systems developed in this 
dissertation work have the potential to address both of these goals. 
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